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SUMMARY
This thesis examines the feasibility of transm itting very high speed data, 
at low e r ro r  ra te s , from a mobile vehicle to a fixed locality via a leaky feeder.
Possible system  layouts and operating param eters a re  initially discussed; 
here the feeder height is an important consideration. Attenuation of the single 
wire mode of propagation is studied and a solution is given to the severe problem 
caused by reflections, in this transm ission mode, at the ends of ra ised  sections 
of the line.
A detailed examination of perform ance is undertaken for a buried feeder 
arrangem ent. Both signal reception and data transm ission qualities of this layout 
a re  studied for changes in a variety of param eters, which include: ca r  separations 
and speed, aeria l position, frequency (40 and 80MHz), weather conditions, and 
tran sm itte r power. Various ca r aeria l polar diagram s are  m easured. Using a 
simple model the relative coupling loss to the feeder in each case is calculated 
and compared with practical resu lts . The cause of m ajor signal fluctuations is 
investigated, which leads to a discussion concerning the coupling mechanism to 
the feeder and the p referred  type of ca r aerial.
The data transm ission perform ance is examined using 100 kbs * frequency 
shift keying and predominantly 1010 data, although a pseudo random sequence is 
also used. The theoretical perform ance is derived and compared with p ractical 
re su lts , under both fading and non-fading conditions. This enables perform ance 
predictions to be given for both expanded system s and the use of lower data ra tes . 
Distribution of e rro rs  in received data for a range of operating conditions are 
briefly analysed and possible coding strateg ies are  discussed.
Finally, the advantages of using diversity are  considered. Two form s are  
investigated, frequency and directional diversity , and for each type the resulting 
improvement in performance is shown, together with suitable system  layouts 
for diversity operation.
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1 INTRODUCTION
Throughout the past two decades there has been considerable growth in 
the application of digital techniques to communications. This expansion is 
due to the enormous advances which have been made in the production of large 
scale integrated m icro-electronic devices, which have improved considerably 
in reliability , operating speed and packing density. Their use has enabled 
communication equipment to be produced with a variety of facilities in a compact 
form  both reliably and cheaply.
Initially, digital methods were principally applied to land-line system s 
for telegraphy and computer purposes. In the early  sixties th e ir use spread 
into telephony, where today they are  making a substantial impact. A lso, about 
this time they were further applied to fixed high frequency radio links, at f irs t 
mainly in m ilitary  and data re trieval domains.
Due to the need in mobile communications to conserve frequency spectrum , 
improve reliability and increase the available facilities there is at present 
appreciable effort being made towards applying digital techniques to mobile 
system s. Generally these applications a re  at low data ra tes  ( a few kilobits p e r 
second), but even so their reliability  is disappointingly low, particu larly  when 
compared to that achievable over land-lines.
The prim ary  purpose of the present work is to investigate the feasibility  
of transm itting data at rates of some hundred kilobits p er second over a mobile 
radio channel. The m ajor requirem ents were high reliab ility , low tran sm itte r 
power, operation in adverse te rra in  and a reasonable system  cost.
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The novel approach adopted, and described in detail in la te r  chapters, 
involved the use of a leaky feeder, effectively as a distributed aeria l alongside 
the road, by means of which the data signals are  guided and restric ted  substantially 
to the required area. However, before discussing this in g rea te r  depth it is 
necessary  f irs t to explain the aims of this work and to review the research  
perform ed in associated fields. This is followed with a summ ary of the proceeding 
chapters.
1.1 The Project
This project arose from  the need of a French ca r  m anufacture, Peugeot, to 
transm it data to a fixed location from a vehicle travelling around a 6 km test track . 
The four outstanding features required by Peugeot were
(a) to transm it data at 100 kbs”*;
(b) the data e r ro r  rate to be better than 1 in 10,000;
(c) to re s tr ic t tran sm itte r power to a maximum of 250 mW;
(d) to operate in cuttings and hilly te rra in  with ta ll trees  
in close proximity to the track .
Tests had proved that in this unfavourable environment the specification 
could not be met using normal broadcast* methods. Therefore, a system  was 
proposed using a leaky feeder to a ss is t the propagation. The central object 
here was to choose the m ost promising type of feeder and system  configuration, 
then to verify the feasibility of this arrangem ent under these demanding conditions. 
Although the Peugeot specification is taken as the basis fo r this p ro ject, the work 
was not tied too closely to this problem as it was desired to provide appropriate 
perform ance details for m ore general applications. Therefore, it was the aim 
to produce the following information once the m ost prom ising feeder arrangem ent 
had been chosen.
(a) The influence of the ca r  aeria l polar diagram , separation 
from the feeder and surrounding environment on the
(i) Received signal distribution
(ii) Mean data e r ro r  rate
(b) The effect of changes in weather conditions, vehicle 
speeds o r  the environment on (i) and (ii) above.
(c) An analysis of the distribution of data e r ro rs .
Then from  a study of these details ((a) and (b)) it will be possible to determ ine the 
perform ance of any given system . Knowledge of the spread in data e r ro rs  ((c)) 
allows the appropropriate data coding to be chosen to minimise the decoded data’s 
e r ro r  ra te . With the establishm ent of this basic perform ance a study was then to 
be made of the improvement obtained from  using different types of diversity within 
the system .
This project covers a very broad field, consequently there a re  areas where 
fu rther work is essential before comprehensive explanations and detailed 
perform ance forecasting can be given. However, it is  hoped that the work 
described here will lay the foundations upon which future effort in this field can 
be based.
1.2 Review
There are  no recorded investigations comparable with this study, although 
there are  many useful references in associated fields of research . A survey of 
these other avenues highlights both the present and the past work perform ed which 
is of in terest here. In establishing this background the review has been divided 
into the three main branches connected with this current research ; these being 
Leaky F eed ers , Digital Modulation and Mobile Communications.
1 .2 .1  Leaky Feeders
Leaky Feeders are  often re fe rred  to as ’’radiating cables” o r  ’’leaky coaxial
cables”. Their basic property was accidently discovered by Monk and Winbigler*
2in 1956. However, except fo r fu rther work by F a rm e r and Shepherd in 1965 it 
was not until the late s ix ties-early  seventies that concerted in terest was shown in 
th e ir  development and application. This was mainly centred around the work of 
Martin^ on communications in mines and tunnels. The holding of an international 
conference on ’’Leaky Feeder Radio Communication Systems”^, in 1974, acted as 
a focal point for this developing concern. Many interesting papers were presented  
at this gathering, but C ree’s^ was of particu lar concern here.
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Coupling loss is an important factor in the perform ance of these cables. 
However, the definition of this param eter has not yet been standardised, although 
it is usually taken to be "the difference in signal power between that fed to the . 
mobile tran sm itte r’s aeria l and that received adjacently by the feeder in 
coaxial mode propagating towards one end of the cable". This is the definition
o
used throughout this work. This coupling loss has been shown by both M artin 
90and G russi to decrease as frequency increases, but since increasing the 
frequency ra ises  the feeder’s coaxial attenuation an optimum operating frequency 
of around 30 MHz exists. M artin advocates using this as a minimum usable 
frequency to prevent environmental changes affecting m arkedly the feeder’s 
perform ance.
The attention given to the use of these types of cable has been international
with the m ain theoretical studies being perform ed by Wait® >  ^ in the U. S. A . ,
although others®* 9»10,11,12 notably Martin® in the U. K. and Delogne^* ^®in
Belgium have contributed significantly in this area . The in terest in F rance by
Degaugue et al*^ and in Belgium by Delogne*3 has m ostly been concerned with
speech communications in m ines, generally using radio frequencies of a few
m egahertz and various types of cable. However, in Japan they have been involved
in using leaky feeders for railway communications at around 450 MHz. This was
15initially only fo r tunnel use (Mikoshiba and Nurda ) but la te r  was extended to
4. 1 fiprovide coverage along the entire line (Okada et al and Furukawa ) with the
influence of the surrounding environment being considered. Recently, proposals 
17by Sakata et al have briefly looked at the use of such links for data communications. 
In the U.K. research  has been applications orientated, particu larly  towards
1 Q c
the mining environment as outlined by Davis and M artin . The work of C ree° has
likewise been towards applying leaky feeders, but in this case to railw ay
19 20communications mainly in tunnels. Johannessen 9 , in a study perform ed for
the Transport and Road R esearch Laboratory, has provided a lot of information on 
th e ir use alongside roads under various weather conditions and in different feeder 
arrangem ents, from buried to mounted above ground level. This investigation has 
been .particularly useful in the present work, enabling comparisons of resu lts  to be 
made.
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Both in Italy and Switzerland investigations have been made on using 
these cables to provide norm al mobile radio facilities inside th e ir many roadway 
tunnels. They concentrate th e ir  studies on two frequencies, 85 and 160 MHz, 
using different types of feeder. The Swiss research  is detailed, providing 
guidelines fo r implementing such system s and also presents resu lts  from  a 
working installation.
In the U. S. A. there has been little  practical work reported on leaky feeders
23as they have concentrated th e ir efforts on m ore expensive leaky waveguides ;
24such as surface waveline , d ielectric waveguide and leaky c ircu la r waveguide.
25However, Hu , has reported the perform ance of feeders at 900 MHz along with 
studies of the polarisation patterns at various distances from  the feeder. The 
lack of experim ental detail makes it virtually impossible to compare his resu lts  
usefully with others.
26In Canada, Beal has been involved in studies on "guiding s tru c tu res"  for
road and ra il communication, and rad ar system s. His recent work has
concentrated on the la tte r , using feeders fo r guided rad ar to detect obstacles in
28th e ir vicinity. Of particu lar in terest here is Gale and BealTs investigations 
into comparative testing of leaky coaxial cables by use of a two-cable cavity 
resonator. This dem onstrates the relative perform ance of different types of
feeders and is being extended to include the affects of environmental changes in
* * 29 the tests  .
A multiple diversity scheme for use with leaky feeder system s has recently 
30been proposed by Treen . It uses two vehicle aeria ls  with two operating 
frequencies p e r link and the channel sidebands are independently m ixed, thereby 
gaining both spatial and frequency diversity.
F o r linear coverage roadway communications other proposed schem es
31 32 33include using inductive transm ission methods * , buried aeria ls  and
specially designed am plifiers for use in a chain of "repeating" ae ria ls  alongside
the ro a d ^ .
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1 .2 . 2 Digital Modulation
Over about the past half century, intense in terest has been shown in
determining the relative perform ance of different modulation methods for
transm itting digital signals. This has lead to many useful references being
35available on this subject, as Clark has shown in a book which provides an 
excellent source for this information. Other useful books in this field are  
those by Lucky36, Taub37, Bylanski36 and Schwartz3^.
A comparison between amplitude and angle modulation fo r data transm ission ,
40under both non-fading and fading conditions was given by Montgomery in 1954.
A m ore comprehensive, yet succinct, comparison of all such digital modulation
41schemes has since been given by Edwards . However, his conclusions are
46 48necessarily  general in nature, leaving others * to dem onstrate the advantages 
of using frequency shift keying (f. s . k.) as the modulation method in narrow
42bandwidth operation with its good perform ance and sim plicity of implementation .
43H istorically , Kotel’nikov in 1947 laid the foundations in this field. His
derived probability of data e r ro r  rate for the ideal receiver and the "optimum”
modulation index required for f. s .k . are  of particu lar in terest here. Although,
44this "optimum” has since been shown by De Buda to be only applicable when 
decisions on the received data are  restric ted  to judgements made upon the signal 
power received in a single bit period. If this is not the case then a modulation 
index of a half is optimum, with coherent reception and complex circu ity  being 
required in the receiver. This special case is renamed "minimum shift keying" 
(m .s .k .)  o r  occasionally "fast frequency shift keying" ( f .f .s .k .) .
45Another important contribution in this field was provided by Rice . His 
development of the "click  theoiy" to describe the output noise ch arac teris tics  
of a discrim inator, used to detect frequency modulated (F .M .) signals, has been
used extensively by others to determ ine the perform ance of these F .M . rece iv e rs .
46 47 48Of particu lar note here is the work of Shaft , Schilling and Tjhung . Shaft
derived the optimum modulation index reqaired  for d iscrim inator detection of a
f. s .k . signal in a restric ted  bandwidth and also showed that in th is case the
perform ance is only about 1 dB below optimum. Schilling extended this work to
consider the affect of adding a low pass filte r to the discrim inator output and
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compared this with matched filte r detection over a wide range of modulation
indices. This work was developed further by Tjhung with an investigation, both
theorectical and experim ental, into the affects on the received data e r ro r
perform ance of reducing the bandwidth and varying the modulation index. The
distortion in the signal which occurs from  use of a narrow  bandwidth was taking
into consideration and it is also dem onstrated that discrim inator detected f. s. k . ,
with optimum modulation index, is always better than coherent amplitude shift
keying and is also superior to coherent phase shift keying in a re s tr ic ted  bandwidth.
49 50Both Chen and Stone have continued these studies by considering the influence 
of using wider bandwidth receivers.
A m ore theoretical approach to the perform ance of discrim inator detected
51 52 ^f. s. k. has been developed by Klapper , Mazo and m ore recently by Kazokos .
54Klapper*s work has been extended by Sullivan to include a consideration of the 
transien t response characteristics for various form s of p re -  and p o st- detection 
filtering.
The perform ance of f. s . k. deteriorates in the Rayleigh fading conditions
55typically found in practical system s. This has been studied by Schilling in a 
fu rther analysis of a F .M . discrim inator with output low-pass filtering. Again 
a comparison is made with matched filte r detection for various modulation indices 
and also shown is the improved data e r ro r  rate obtained from using diversity  with
j
predetection combining. This work has been developed further by Prapinmongkolkarn
in his investigation of the improvements obtained from using d iversity  in digital
F .M . system s. The optimum modulation index is again considered but here it
is shown that this value is unaltered by signal fading, c a r r ie r  to noise ratio  o r
diversity. The effect of co-channel interference and vehicle speed has been dealt 
57with by Hirade , although this study assum es no discrim inator output filtering.
The ca r speed can produce "fast" Rayleigh fading, however, for a slowly vaiying 
58signal Eaves has considered the block e r ro r  probability and dem onstrates that 
for transm ission of large data blocks the advantage in using coherent over 
non-coherent f. s. k. is noticeably reduced.
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The bandwidth occupied by f. s .k , has been analysed in some detail by 
59Bennett and Rice , where both continuous and discontinuous phase transitions
between the two switched frequencies are  considered. This work has been
60enlarged upon by Tjhung , who deals specifically with the affect of p re -  and
6Xpost-modulation filtering. More recently G arrison has provided a detailed
study of the reduction in bandwidth possible through both coding and shaping the
62data p rio r to modulation. This has also been briefly dealt with by Zegers , 
who considers additional form s of data pre-encoding and th e ir  e r ro r  perform ance 
when used over standard F. M. mobile equipment.
The provision of a highly reliable data link to mobile vehicles has received
63little  attention at present. However, Edwards has studied this problem and 
considers the solution to be in the use of adaptive rates of data transm ission  to 
enable blocks in which e r ro rs  occur to be retransm itted . This necessarily  
re s tr ic ts  the information ra te  to a few kilobits p e r second but also significantly 
increases the reliability.
There are many proposed modulation techniques for future mobile radio 
64 65 66 67use » » > and also the appropriate coding form at to be adopted fo r these
68 69 70system s is receiving attention. * ’ However, the main objective generally,
of all these studies is to improve the system  perform ance, o r  at least maintain
71it, while increasing the number of channels in a given bandwidth..
1 .2 .3  Mobile Communications
Growth in the demand for civil land mobile radio has stim ulated in terest in 
this field both fo r development of existing facilities and providing extra serv ices. 
This has lead to the completion of many investigations concerned with the 
characteristics of the propagation medium and also with the best methods of 
utilising the available bandwidth both in term s of modulation and trunking method 
employed. However, not all these studies are  pertinent to this present work and 
therefore only those of direct relevance will be considered here.
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Radio propagation characteristics for mobile communications at
frequencies above 30 MHz have been extensively studied by Bullington. His 
75recent paper comprehensively covers this subject providing many useful
formulae and resulting nomograms. Work in this a rea  has tended to be
em pirical although some statistical modelling of mobile radio reception' has 
76
been attempted.
77More recent studies by French on radio propagation in London at
462 MHz are  of particu lar in terest here. He shows that localised variations
in the received signal, due to multipath affects, follow a Rayleigh distribution
and that fluctuations in the mean level, due to shadowing, are  log norm al
78distributed. This work has been extended to cover data transm ission  at 
300,1200, and 4800 bits p er second, and also includes propagation at 165 MHz.
The e r ro r  perform ance in these cases is given with the affect of fading, 
shadowing and ignition noise being demonstrated.
A study of both voice and data transm ission  over a mobile radio channel
79
at 850 MHz has been perform ed by Arredondo. Under Rayleigh fading conditions, 
shown to exist at this frequency, Arredondo dem onstrates that using diversity 
improves the quality of the channel, which significantly improves the data e r ro r  
ra te . He also shows that at high vehicle speeds the fading produces random F .M . 
noise at the receiver output which degrades the data perform ances, noticeably at 
high mean signal to noise ra tios.
D iversity techniques suitable for mobile radio have been comprehensively
80 ' studied by Parsons. However, he deals with the general broadcast case and
therefore some of his conclusions a re  not applicable here , although his treatm ent •
72of this subject provides helpful background m ateria l. Sim ilarly Jakes has
produced a very useful and extensive reference book on mobile commuiiication
which deals with such topics as interference,noise and diversity. These points
74are  also considered by KeUy and W ard , although in less detail, in a report
produced for the U.S. Department of Justice concerning mobile digital transm issions
for the police. F u rther general information in this field is given in a collection of
73papers provided in a book edited by B rayer , which deal with data communication 
over fading channels.
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Mobile communications both for speech and increasingly for data purposes
are  at p resent receiving much attention. However, it is unlikely, certainly in
the near future, that very low e r ro r  rate high capacity data links will be feasible
using norm al "broadcast” methods. This being the case and with the ever mounting
congestion in the frequency spectrum , the use of leaky feeder system s where
82suitable will become m ore and m ore attractive.
1.3 Summary
The prelim inary investigations to resolve basic system  details a re  discussed 
briefly in chapter two and include a comparison of the relative m erits  of two 
particu lar cable arrangem ents. Consideration is also given here to the influence 
of such factors as vehicle distance from  the line, ca r  aeria l orientation, added 
suspension wire for the feeder, cable height above ground and interference from  
neighbouring vehicles. Likewise an examination is given of the attenuation and 
end-of-line matching fo r the single wire mode of propagation.
From  this preparatory  work, chapter three continues with an extensive study 
of the behaviour of a buried line system . This includes an initial detailed look at 
the aeria l polar diagrams for different aeria l positions on various vehicles. From  
this work, using a simple model, predictions a re  given of the relative signal levels 
received at the end of a buried feeder fo r different aeria l polar diagram s. Using 
mainly 40 MHz and occasionaUy 80 MHz, a study is then made of the signal 
fluctuations and mean levels obtained at the end of this line as a vehicle travels 
alongside using either a vertical o r  horizontal whip aeria l. This provides mean 
coupling loss values for the vehicle at 3 and 7 m from  the line and highlights the 
effects of the different aeria l locations. Statistics of the received signal, are  
given and the variations in coupling loss with changes in ground conditions are 
considered. This leads to a careful examination into the cause of the signal 
fluctuations, from which an explanation is given why the horizontal c a r  ae ria l 
provides good steady received signals. This study also shows which of the two 
orthogonal signal components dominates in the coupling process to the feeder.
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The data transm ission perform ance of the buried feeder system , using 
frequency shift keying and a bit rate of 100 kbs *, is studied in chapter four.
Its behaviour under non-fading conditions is f irs t established with checks on the 
optimum tran sm itte r frequency deviation and resulting receiver e r ro r  rate 
perform ance as a function of input signal to noise ratio . This is compared with 
theoretical predictions both from  an analysis here and from work of o thers. The 
mean e r ro r  ra tes of the operating system  under its general fading environment 
a re  then examined. P aram eters which are  varied here are  tran sm itte r power, 
ae ria l orientation, separation from  the line, and weather conditions. The resu lts  
a re  compared with those expected from  the study in chapter th ree of the signal 
variations. This leads to perform ance forecasts for a general full scale system  
and in particu lar fo r Peugeotfs 6 km layout. An analysis is then made of the 
distribution of data e r ro rs  with a view to indicating the appropriate type of coding 
to be used fo r the transm itted  data.
The advantages of using diversity  within the buried feeder system  are  
investigated in chapter five, with in terest being devoted to two p articu la r form s. 
F irs tly , frequency diversity is considered and the improvement it provides is 
gauged from  swept tran sm itte r frequency te sts . Then directional d iversity  
(signals from  each end of the line) is studied, with correlation m easurem ents 
between signals received at each end of the buried feeder being used to dem onstrate 
the enhancement its use affords. In each case the r ise  in perform ance resulting 
from  diversity is estim ated. System layouts suitable for these two form s of 
diversity are  provided and the ir relative m erits  are  discussed.
Finally in chapter six sum m arising conclusions are  given, along with 
recommendations of the areas requiring further attention in future investigations.
F o r conciseness some calculations, along with m icroprocessor program s 
employed and all equipment details, including designs, a re  placed in appendices. 
Also included there are copies of papers written as a resu lt of this work.
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2 PRELIMINARY EXPERIMENTS
As preparatory  work for this study the following prelim inary experiments 
were perform ed. Their resu lts provided background information concerning the 
most promising system  layout and also highlighted the problems that may be 
encountered with such an arrangem ent. This initial work, with its broad aim, 
provided much useful data, but in the in terests of brevity only typical resu lts and 
corresponding general statem ents are  given here.
The m ajority of these prelim inaiy  investigations were implemented in a field 
tria l at Hawker Siddeley’s airfield , Dunsfold, Surrey (see plate 2, Appendix G); 
while the rem ainder were perform ed along a perim eter road at the University of 
Surrey (see plate 3 and 4, Appendix G).
2.1 Basic Details
The main details of these experiments which needed deciding beforehand w ere:-
(a) T ransm itter frequency and output pbwer
(b) Cable type
The choice of tran sm itte r frequency is governed by three factors: -
(i) F eederfs coaxial mode attenuation
(ii) Coupling loss
(iii) Available channel allocation
3 20As mentioned in section 1 .2 .1 , just above 30 MHz is considered * to be the
optimum frequency to use because about here a balance is reached between rising
cable attenuation at high frequencies and increasing coupling loss at lower values.
Concerning available channel allocation, the nearest to this optimum at which, it
was believed, an allocation may be obtained (particularly concerning Peugeot for a
45system  operating in France) of sufficient bandwidth (foHowing Tjhung , 100 kHz 
bandwidth is necessary  for f. s .k . at 100 kbs~*) and yet be convenient fo r use in the 
field tr ia l was around 40 MHz. Therefore, 40 MHz- was chosen as the tra n sm itte r  
frequency to be used here. The tran sm itte r output power was set to 250 mW as this 
appeared a likely operating level, particularly  in Peugeot’s case.
19
The decision as to what type of feeder should be used, is based upon
searching fo r a cable which has minimum coaxial attenuation and coupling lo ss ,
yet is also minimally affected by the surrounding environment. These are
conflicting requirem ents since minimum environmental influence and cable
attenuation would be obtained with a well screened coaxial cable which therefore
has a very high, if not infinite, coupling loss. However, bearing these points
5in mind, a study of C ree 's  resu lts  , with particu lar attention to 42 MHz, suggests 
that BICC cable type T3522 (see Appendix A and plate 1 in Appendix G) would be 
suitable.
2.2 System Layout
The basic system  layout envisaged is shown in F igure 1. This is likely, in 
essence, to be the arrangem ent used for m ost applications, although in some 
instances (e. g. motorways) a number of base stations may instead be spaced along 
the road each feeding an arm  AB in one direction (see Figure 1) and DC in the other. 
At B and C they would m eet with the section extending from another base station, 
thereby linking service areas of each base station along the entire length of the road.
Figure 1 Basic Layout
/ / Leaky F eed er
R ep ea te rs
Base Station Receiver
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The configuration shown in Figure 1 is choysen to ensure that sudden large
changes in propagation delay do not occur in transm issions from m obile, via the
feeder, to ,rbase" while travelling around the system . If section AD were a complete
chain of repeaters (no break at BC) operating in one direction with no d irect "base"
connection at D, then when travelling past the base station there  would be a sudden
change in this delay which could cause serious problem s, particularly  for data
transm issions over this link. F o r a 6 km track  a delay of around 30 u s would
-1
result in this case, which is unacceptable when transm itting data at 100 kbs .
Having chosen this basic layout a field tria l was arranged to study various
feeder-repeater layouts. Main attention was given to two particu la r arrangem ents,
d eta ils  of which are  sum m arized below. In both these cases the feeder was initially
5 19raised  above ground level to reduce coupling loss. * However, since lim itations
of space, manpower, and cost prevented elevating all the feeder only a short section
was tested in both layouts in the raised  condition as Figure 2 and 4 show. The
19height of the cable was set at 1 m as this was thought to be a practical lev e l. It 
was supported by wooden posts spaced 2 m apart. The experim ental layouts were 
chO 'Sen so that the elevated section represented the worst case region in a 6 km 
system , in term s of received signal to noise ratio . The field t r ia l  resu lts  were 
mostly obtained by recording the signal level received at the end of the feeder 
arrangem ent when a ca r  (Datsun 140J), using a centrally roof mounted 1 m whip 
aeria l fed  with 250 mW signal power at 40 MHz, was driven alongside at 
various separations and generaUy at speeds of around 5 m .p .h . The perform ance 
of the two types of feeder-repeater sections are  compared below.
2. 2.1 Tailback System
The f irs t arrangem ent considered was as shown in Figure 2(a). Here each 
repeater has a second input from  a leaky feeder section which "tails back" alongside 
half the length of the line joining that repeater to the next. This arrangem ent was of 
in terest because it requires relatively few repeaters and also the tailback section 
could possibly give som e.diversity advantage.
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(a) Typical layout
R e p e a te rs
Leaky F eed er
Base S ta t io n  R e c e iv e r
(b) Experim ental layout
T a ilb a c k  (T o ta l L ength  = 400m) Base S ta t io n
Rx
16 dB r e p e a te r
75-ru
te rm in a tio n
180 m325m
R aised  s e c t io n  on 
p o s ts  2m a p a r t
Leaky F eeder 
ty p e  BICC 
T3522
0.5
Road13m
t
100m 100m
Figure 2 Tailback System
The repeater separation depends on the line’s coaxial attenuation and rep ea te r 
noise figure, assuming that there is sufficient coupling of the signal to the feeder 
to overcome cable loss to the nearest repeater* Using typical attenuation and noise 
figure values a separation of about 600 m is found to be best, see Appendix A.
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A round th is  sy s tem  the p o o re s t o p e ra tin g  reg io n  is like ly  to  be w here the 
c a r  is fu r th e s t fro m  b ase  ( i .e .  a t B o r  C in F ig u re  1). H ow ever, in the fie ld  t r i a l  
it was of in te re s t  to  o b se rv e  the effec t of the ta ilb a c k  sec tio n . T h e re fo re , the 
layout u sed  w as as shown in F ig u re  2(b), w ith the cab le  le n g th s , r e p e a te r  gain  and 
n o ise  f ig u re s  being cho sen  so th a t th e  c e n tre  of th e  ra is e d  sec tio n  u n d er te s t  
re p re se n te d  th is  fu r th e s t po in t, in te rm s  of rece iv ed  s ig n a l to no ise  ra t io ,  fo r  a 
6 km sy s tem . The re p e a te r  input and output im pedances w ere  not sp ec ifica lly  
m a tched  to the 75xi fe e d e r , although o th e r  cab le  ends w ere  c o r re c t ly  te rm in a te d .
W ith the c a r  se p a ra te d  4 m  fro m  the lin e , tra v e llin g  alongside  the ra is e d  
se c tio n , ty p ica l signa l v a ria tio n s  a t the  b ase  s ta tio n  w ere  as  shown in F ig u re  3. 
The standing  wave n a tu re  of the  re c e iv e d  s ig n a l is a p ro m in en t fe a tu re , with n u lls  
up to 30 dB deep . W ith in c re a se d  s e p a ra tio n  f io m  the  line  the n u lls  tend  to red u ce  
in dep th , being about 20 dB deep on a v e ra g e  a t 10 m  aw ay.
rece iv ed  
s ignal 
am plitude 
(7 m m  = 10 dB)
4----------------  200m  *
b ase  end f a r  end
d irec tio n  of c a r  tra v e l ______
F ig u re  3 T ypical S ignal V a ria tio n s  fo r  T a ilb ack  System
In g e n e ra l,  as  the c a r  tr a v e ls  a longside  the  ra is e d  sec tio n  a t th e se  se p a ra tio n s
the  m ean  rece iv ed  signal to n o ise  ra tio  ( s .n .  r . ) was 55 t  5 dB at 4 m aw ay
d e c re a s in g  to 45 t  5 dB at 10 m from  the lin e .
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2 .2 .2  Uniline System
The second arrangem ent examined was the sim pler repeater-feeder form  
shown in F igure 1.; The optimum repeater separation is now c loser than fo r the 
tailback system , being about 200 m for the same values of cable attenuation and 
repeater noise figures, see Appendix A.
In this Uniline system  the region around the furthest repeater from  the base 
station in each 3 km section will provide the worst received s .n . r .  Therefore, 
the experim ental arrangem ent shown in F igure 4 was chosen to represent,th is 
region, again by careful choice of cable lengths, repeater gain and rece iv er noise 
figure.
Hut
200m n o n -lea k y  f e e d e r  type J  
BICC TR 116/091 on drum
leaky  fe e d e r  
■ type BICC T 3522 R aised  s e c t io n  on 
p o s ts  2m a p a r t
le ak y  fe e d e r  
type BICC T 3516 200m
75-ju
te rm in a t io n
t N d T
lm
10 dB r e p e a te r
100 m . 100 m Road13m
Figure 4 Experimental Uniline Layout
With the c a r  travelling alongside this elevated feeder at both 4 and 10 m 
separations typical variations in signal received at the base station were* as shown 
in Figure 5(a) and (b) respectively. The standing wave nature is s till a prominent 
feature with maximum null depths remaining around 30 dB.
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(a) mobile 4m from line
200m
f a r  end
re c e iv e d
s ig n a l
am p litu d e
(7mm = 10 dB)
b ase  end
d i r e c t io n  o f c a r  t r a v e l
(b) m ob ile  10m from l in e
re c e iv e d
s ig n a l
am p litu d e
(7mm = 10 dB)
200m
b ase  end
d i r e c t io n  o f c a r  t r a v e l
f a r  end
F ig u re  5 T ypical Signal V aria tio n s  fo r  U niline System
With th is  a rra n g e m e n t the m ean  rece iv ed  s .n .  r .  was ty p ica lly  70 t  5 dB with 
the c a r  4 m  fro m  the  ra is e d  line and reduced  to 65 t  5 dB when th is  d is tan ce  in c re a se d  
to  10 m .
2 .2 .3  C om parison
C om paring  the behav iou r of th e se  two r e p e a te r - f e e d e r  a r ra n g e m e n ts  the 
follow ing g e n e ra l conclusions a re  reach ed . F ir s t ly ,  the v a r ia tio n  in rece iv ed  s ig n a l 
lev e l as the c a r  m oves alongside the line  is s im ila r  fo r  both lay o u ts . T hese  
fluctuations have a p rev a ilin g  standing wave n a tu re  with the p ro m in en t nu lls  spaced
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about half a free  space wavelength apart. These will be re fe rred  to as "short 
standing wave nulls". Superimposed on these fluctuations is a "slow er" signal 
variation, s till standing wave in character, with corresponding nulls spaced 
several wavelengths apart, typically here about 50 m. These will be re fe rred  
to as 'long  standing wave nulls". Both types are  commonly found in leaky feeder 
system s.
Short standing waves are  attributed to signal path differences consequent upon 
reflections either from  surrounding structures o r discontinuities along the feeder. 
The long standing waves a re  caused by modal interference, norm ally between 
single wire modes (propagation supported by the cable screen  and ground) and 
coaxial modes.
The Uniline system  appears to offer around 15 dB m ore in received mean 
s .n . r .  M oreover it is preferable on a cost basis , requiring less  cable. T herefore , 
it was decided subsequently to d iscard  the Tailback system .
Table 1 sum m arizes the perform ance of the Uniline arrangem ent and includes 
the effects of varying the feeder height above ground. As is seen h e re , lowering 
the line reduces the average null'depth but also increases the coupling loss.
S e p a ra tio n
(m)
Feeder
H eigh t
(m)
N ull Depth 
(dB)
C oupling Loss 
(dB)
Max. T y p ic a l Min. T y p ic a l
4 1 50 20 56 60 •
10 1 30 15 61 65
4 0 .5 40 15 61 63
15 " 0 .5 40 15 71 73
4 0 50 10 65 70
15 0 40 10 79 84
Table 1 Uniline Signal C haracteristics
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2 .3  A erial Orientation
Having chosen the feeder-repeater arrangem ent, the effect of different ca r 
ae ria l positions was examined using the experim ental arrangem ent of F igure 4. 
Three aeria l positions were used :-
(a) vertically in the centre of the roof
(b) vertically on front right wing
(c) horizontally on right side of the c a rTs boot -  "tail" position
The corresponding polar diagram s are  shown in Figure 6, They were m easured 
qualitatively using a vertical receiving aerial, whilst driving the c a r  in a tight 
c irc le  500 m away.
(a) Centre of Roof (b) Front Wing
F ro n t wing mounted a e r i a lC en tre  ro o f  mounted a e r i a l
P o la r  Diagram
(c) Tail
H o rizo n a l " T a i l"  A e r ia l
P o la r  Diagram
Figure 6 Car A erial Polar Diagrams (Vertical Polarisation) 
Note: L inear Scale
27
T esting  th e se  a e r ia l  positions rev e a le d  th a t the ta il  loca tion  p ro v id es  in te re s tin g  
r e s u l t s ,  as F ig u re  7 show s. H ere  the sh o r t s tand ing  w aves a re  v ir tu a lly  e lim in a ted  
fro m  the rece iv ed  s ig n a l (com pare F ig u re s  5 and  7).
(a) car t r a v e l l i n g  
away from base
(10 m from l i n e )
(b) car  t r a v e l l i n g  
towards base
(10 m from l i n e )
f a r  end base  end
d i r e c t i o n  o f  car  t r a v e l  *
F ig u re  7 Signal L evel V aria tio n s  w ith " T a il"  A e r ia l
The re a so n  fo r  th is  im proved  rece p tio n  is  d ea lt w ith la te r ,  in C h ap te r 3, but it 
is w orth b rie fly  d iscu ss in g  it h e re . F i r s t ly ,  it is n e c e s s a ry  to  c o n s id e r  the  cau se  
of the sh o rt stand ing  w aves. The ra d ia te d  s ig n a l fro m  the m obile  e x c ite s  in the cab le  
n earb y  its  sing le  w ire  m ode (s. w. m . ) w hich then  t ra v e ls  in both d ire c tio n s  along the 
fe e d e r. The f a r  end of the ra is e d  lin e , fro m  b a s e , is  e ffec tiv e ly  an open c irc u it  to 
th is  tra n s m is s io n  m ode and th e re fo re  th is  s ig n a l is re f le c te d  th e re .  Continuous 
co n v ers io n  into the coax ia l tra n sm is s io n  m ode tak es  p lace  along the  lin e , w ith th is  
m ode being c o r re c t ly  m atched  each  end of the fe e d e r . T h e re fo re , in te r fe re n c e  
o c c u rs  betw een two s ig n a ls , one which im m ed ia te ly  c o n v e rts  fro m  the  re c e iv e d  
s in g le  w ire  into coax ial m ode, then p ro pagating  d ire c tly  to the  r e c e iv e r ,  and an o th e r
200 m
base end 
d i r e c t i o n  o f  car  t r a v e l
Ire c e i v e ds i g n a l
ampl itude
(7mm = 10 dB)
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reflected from the fa r  end in single wire mode which then couples into coaxial 
transm ission , propagating also towards the receiver. It is argued that the 
directional properties of the ta il aeria l resu lt in insignificant reflected signal 
when the ca r is travelling towards the receiver. Conversely, in the opposite 
direction of travel the reflection is the dominant received signal. The increase 
in signal level, shown in Figure 7(a), as the car moves away from  base 
substantiates this last point. Hence, for ca r  travel in either direction reception 
improves by removal of the interfering signal, which eliminates the deep standing 
wave fluctuations.
2 .4  Suspension Wire
A low-loss coaxial cable m ust be kept under low tension. T herefore, in 
practice it is likely that a suspension wire would be used to support the raised  
feeder. To examine its affect on the system ’s behaviour a galvanized iron wire 
(2 mm diameter) was placed 10 cm above the feeder, along the ra ised  section 
(see Figure 4), and secured at both ends with stakes in the ground.
Figure 8 shows the effect this suspension wire has on the received signal. Its
mean level becomes almost constant and often severe standing waves ex ist, with
nulls 60 dB deep (not present in Figure 8(b)). The added support wire provides a
path, together with the screen  of the feeder, for the propagation of a low loss
-1(estimated 0.5 dB 100 m ) b ifilar transm ission  mode. The fa r end of the line is 
open circuit to this mode, so reflections occur there which will then couple into 
the received coaxial mode and in terfere with d irect coaxial signals. As the b ifila r 
mode has low loss this interference can be severe and if this mode dominates then 
the norm al fall in mean signal level as the ca r  moves away from the rece iv er (see 
F igure 8(a)), due to increased coaxial attenuation, will not be apparent. This 
resu lts in a fairly  constant mean signal strength, as Figure 8(b) shows, without 
the jump in level around the repeater which normally occurs.
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200 m
f a r  end
(a)  w i t h o u t
s u s p e n s i o n
w ire
t r e c e i v e d  
s i g n a l  
amp 1 i  tude
(7mm = 10 dB)
base  end 
d i r e c t i o n  o f  car  t r a v e l
(b) w i t h
s u s p e n s i o n
w ir e
200 m
f a r  end
4 r e c e i v e d  
s i g n a l  
amplitude
base  end 
d i r e c t i o n  o f  car  t r a v e l
F ig u re  8 Suspension  W ire  E ffect on Signal V aria tio n s
2. 5 In te rfe re n c e  by O b stac le s
O ther veh ic les  tra v e llin g  in the v ic in ity  of the tra n sm itt in g  c a r  p ro d u ce  only 
sm a ll fluctuations in the re c e iv e d  s ignal. The m axim um  d is tu rb a n ce  o c c u rs  when 
veh ic les  p ass  betw een th is  c a r  and the  lin e , which p ro d u ces  a d rop  in s ig n a l lev e l 
of le s s  than 10 dB. H ow ever, it is  thought th a t th is  e ffec t could be m uch g r e a te r  if 
the tra n sm ittin g  veh icle  is in , o r  n e a r ,  a signal null lo c a lity . It was found th a t a 
p e rso n  walking v ery  n e a r  the  c a r  in th is  condition could a l te r  the s ignal lev e l by 30 
o r  40 dB. T his show s the u n s tab le  n a tu re  of deep n u lls , s in ce  s lig h t changes in 
env ironm ent o r  c a r  positio n  change th e ir  depth co n sid e rab ly .
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2.6 Single W ire Mode Propagation
It was considered that the m ism atch in the single wire mode (s. w. m .) at the 
end of the raised  feeder caused the predominant short standing wave fluctuations 
in the received signal. It is therefore of in terest to study both the line loss for 
this mode and also ways of reducing o r  eliminating this m ism atch.
2 .6 .1  Attenuation
At Dunsfold the s. w .m . attenuation was m easured as a function of frequency 
both for the feederfs coaxial screen  and the galvanized support w ire. This was 
done, as shown in F igure 9, by m easuring the standing wave ratio  at one end of a 
raised  cable with the other end short-c ircu ited  to ground. These m easurem ents
•h o r t  c i r c u i t  
P o in t  ___
i .  \
1 ■
T T T T
H 2- h
Polyskop
< • )
C O r .n l sed  V lr«
i .
1 a
T
JL-
1 a
T
• h o r t  c i r c u i t  
p o in t V
voodan poata
■ h o rt c i r c u i t  
p o in t
n
■hort c i r c u i t  
p o in t '
m 11 irr
Polyakop
<*>)
Calranlaad W in
■ 50 « —» Poly»kop
(«)
C d vm niscd  V lr*
Polyakop
(d)
S cra.n  o f  C o u l d  Cabl*
1
0.5T
• h o r t  c i r c u i t  
p o in t
11 I
Polyakop
(•)
Screen o f  C o u ld  Cabl*
Figure 9 Single W ire Mode Attentuation M easurement 
A rrangem ent
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w ere made at spot frequencies, using a Polyskop, over a range of 5 to 100 MHz. 
Two heights were used in these tests  for the coaxial cable but only one for the 
galvanized wire. The calculated attenuation values are  shown graphically in 
Figure 10.
28 _ 0.5m High Coaxial Cable's Screen
24 _
lm  High Coaxial Cable's Screen
20 -
lm  High Galvanised Wire
60
FREQUENCY (MHZ)
Figure 10 Single Wire Mode Attenuation
To keep a check on the variation in ground param eters during these 
m easurem ents the ground conductivity was regularly examined using the ”Four 
point probe” method, and it was found that the conductivity rem ained constant 
at 0. 04 t  0. 005 Sm
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2 .6 .2  Matching.
It was thought that a reasonably good s. w. m. match might be obtained at the 
end of the raised  feeder by extending the line with otherwise identical non-leaky 
cable and eventually bringing this to ground in a gradual m anner. Such tapering 
would provide a fairly  good match and using non-leaky cable ensures that any 
s. w. m. signal reflected here would be adequately attenuated before it returns to 
the leaky part of the line, where coupling into the received coaxial mode occurs. 
Therefore, this arrangem ent should not suffer from  the usual signal fading pattern 
experienced when a feeder has a raised  end.
F o r the layout of Figure 1 it is possible to use an alternative method of matching, 
by connecting together the outer cable screen  of both 3 km sem i-c ircu la r sections at 
BC and AD. This would provide a continuous cable loop with no end discontinuities 
in th e s .w .m .
Another way of reducing the affect of a s. w .m . m ism atch is deliberately to 
increase the s . w .m . attenuation, p articu la rly  at m ism atch points. A sim ple means 
of doing this is to lay all the feeder on o r in the ground, which would also improve 
the end of line match. However, this increases the coupling loss and therefore 
reduces the mean signal level received. This may well be an acceptable sacrifice  
necessary  to remove the severe signal fluctuations providing the signal level is 
s till sufficient for communication of the standard required.
To substantiate the suitability of the "non-leaky tapered line" method of
matching and also to determ ine the effects of laying the feeder on the ground, a
field tr ia l was arranged sited along the U niversity’s perim eter road. It was set-out
as shown in the sketch plan given in F igure 11 (see also plate 3 and 4 in Appendix G).
The line was suspended along the test region from nylon rope. No rep ea te r was
used in this arrangem ent as its presence could confuse the main issues being
*
studied. The equipment layout, both in the ca r and at the base, was identical to 
that used at Dunsfold, as was the general method of recording the received signal 
at the base while the ca r travelled alongside the posted (not necessarily  raised) 
region of the line at speeds of around 5 m. p. h.
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6 0 0 m  LEAKY 
I FEEDER TYPE 
IBICC T3522
BASE Car parkCABLE t  SUPPORT ROPE MOUNTED 1m ABOVE GROUND Spcce I 
Sbvclures I 
Research ifli 
Centre }
CAR
START
200 m  NON-LEAKY FEEDER 
TYPE TR 116/091 POSTS
CONNECTOR
CAR PARK
Figure 11 Sketch Plan of University Site Layout
The cable arrangem ents used in this field tr ia l ,  in o rder of use , were as 
follows, with reference to the posted region in Figure 11.
(a) 50 m end section of leaky feeder supported, 1 m high, 
without non-leaky cable connected. A coaxial 7512. term ination 
was connected to the feeder end.
(b) As for (a) except non-leaky cable connected to the ra ised  feeder 
and supported for a fu rther 50 m before being tapered to ground. 
The end of this cable was term inated in a coaxial 75 u- load.
(c) As for (b) except all cable laid on the ground.
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The resu lts of in terest are  shown in F igures 12 to 15. They clearly  
dem onstrate the effectiveness of this matching method and also highlight some 
ex tra  interesting features. In Figure 12(b) the short standing-wave fluctuations,
• previously prominent in F igure 12(a), a re  virtually eliminated by connecting the 
end of line s. w .m . match. The signal variations beforehand could be at least 
50 dB in size whereas after matching they are reduced to around a 2 dB ripple.
Long standing-wave fading is noticeable in Figure 12 and also in F igure 14. It 
is not specifically affected by the matching, although its presence is often highlighted 
once the short standing wave fluctuations have been removed. Its nulls a re  spaced 
about 50 m apart and tend not to be veiy deep,, typically a maximum of 20 dB.
Using the directional c a r  aeria l both the signal level and its fluctuations are  
different, in some cases d rastically , fo r each direction of travel. This is shown 
in Figure 13 and 14 where "AH" is used to denote the car.travelling  away from  the 
receiver end of the line and ,TTRM for moving in the opposite direction. (These 
abbreviations will be used throughout this work to represent these two directions 
of tra v e l.)
This directional aeria l when heading TB, without using end of line m atching, 
provides a good signal at the end of the feeder (Figure 14(a)). Adding matching 
only slightly improves this perform ance, eliminating the sm all ripples and 
raising the mean level by around 3 dB (Figure 14(b)). The reason for this good 
reception with o r without matching lies in the radiated signal being d irected , ahead 
of the c a r , along the feeder towards the receiver end of the line with little  
radiated signal in the reverse  direction. Therefore, coupling into the feeder occurs 
mainly along the feeder just in front of the vehicle. This resu lts  in the m ajority  of 
the coupled signal (coaxial mode) propagating towards the rece iver as coupling in 
this direction tends to reinforce while in the opposite direction it tends to cancel. 
Therefore, with the cpupling being directional in nature m ost of the signal propagates 
towards the receiver and whether the other end is matched makes little  difference to 
the behaviour of the received signal.
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(a) Non-Laaky (ac tio n  unconnactad
“  60
_ 80
(upportad leaky feeder
(b) Non-Leaky aection  connected
70
' aupported non-leaky feeder eupported leaky feeder
d irec tion  of car trav e l , TR o r AR
Received
S ig n al
Amplitude
(-dBm)
Am plitude
(-dBm)
Figure 12 Signal Variations fo r Centre Roof A erial
(a) Non-Leaky aection unconnected
60
eupported  leaky fee d e r
(b) Non-Leaky aection  connected
60
70
SO
aupported non-laaky feeder aupported leaky feeder
Received
S ig n a l
Am plitude
R eceived 
S ig n a l 
. Am plitude
d irec tio n  of car travel AR
Figure 13 Signal Variations for Tail A erial with Car Travelling Away 
From  Base
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Figure 14 Signal Variations for Tail A erial With Car Travelling Towards Base
6 0
-*100
4* ' leaky feeder alongside postanon-leaky feeder
Am plitude
(-dBm)
d irec tio n  o f  car travel- , TR 0 1  AR
Figure 15 Signal Variation With F eeder on the Ground -  Roof A erial
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Perhaps surprisingly, when moving AR using this directional ca r  aeria l the 
reception is good without the match but degrades drastically  when matching is 
applied. This is shown in Figure 13, where not only is there a m arked increase 
in signal fluctuations a fter matching but also the mean level drops by about 15 dB. 
Again this is due to the m ajority of the radiated and coupled signal being directed 
the same way the c a r  is travelling. Therefore, without the match reception is 
mainly from  the reflected signal at the end of the line, which is initially in the 
s. w. m. but then couples into the received coaxial mode. It can be seen that this 
is the case in Figure 13(a) because as the ca r  moves fu rther along the line, away 
from the receiver but n earer the raised  end, the mean signal level r is e s . As 
coupling from the reflected s . w .m . into the received signal mainly occurs near 
the cable end, irrespective of c a r  position, the long standing wave is absent in 
Figure 13(a). With the match applied, the reflected signal is sm all but probably 
now of comparable size to that directly coupled in the receiver direction. Therefore , 
severe interference occurs as shown in Figure 13(b).
It is interesting to note that the mean signal level in Figure 13(b) is around 
20 dB below that in Figure 14(b), which gives an indication of the directional 
ae ria l’s front to back ratio  (i. e. the ratio  of power radiated forward to that in the 
reverse  direction)
With the line on the ground (see Figure 15) the short standing wave signal 
fluctuations are  virtually removed, although the mean signal level is about 15 dB 
lower due to increased coupling loss. There are  s till a few large nulls p resent 
which would appear to be due to reflections from  m etallic obstacles n ea r the line.
2 .7  Conclusions
‘The main conclusion reached from this prelim inary work was that the signal 
coupled to the feeder has a m ore than adequate mean level for the transm ission  
of data over this path. However, the fluctuations which are  sometim es severe , 
cause concern as to whether data can be transm itted  with sufficient reliab ility  at 
100 kbs- * . Therefore, it was of prim e importance to establish the reduction in 
perform ance produced by fading and also to consider ways of e ither eliminating 
the signal nulls o r  lessening their effect.
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Regarding the basic system  layout, the Uniline arrangem ent is considered to 
be the best form . However, variations in this layout are  proposed in Chapter Five 
in o rder to take full advantage of using diversity within the system . F o r 
experim ental work, in the m ain, using repeaters in the line only complicates the 
arrangem ent and tends to obscure the fundamental system  behaviour being studied. 
Therefore, it was best to avoid using them until a firm  understanding of the feeder’s 
perform ance was obtained.
The aeria l position on the vehicle is seen to produce a m arked effect on the 
received signal variations. The ta il position gives a good, non-fading, signal at 
the receiver when the ca r  is moving TR. This is p rim arily  due to the directional 
properties of this aeria l. An alternative hypothesis, that it is predominantly a 
polarisation effect, due to a change in ae ria l orientation, is mentioned in Chapter 
Three and shown not to be the case. It should be noted that this ta il ae ria l is 
advantageous, in this present system , only when the ca r always travels  in the same 
direction as the repeaters operate. In general, vehicles will move in both directions 
along a track , making the use of ta il aeria ls  unsuitable, unless the system  layout 
is altered to ca te r fo r th e ir  directional perform ance.
The addition of suspension w ire, to support the feeder, complicates the 
transm ission media. It provides a path fo r a dominant low loss b ifilar mode to 
propagate which can cause severe standing waves in the received signal due to 
discontinuities along the line. In p articu la r, the end of the raised  line is one 
m ajor source of m ism atch to this mode. If the feeder requires support then 
either non-metallic rope (e. g. nylon) should be used o r  steps taken to elim inate 
the reflections, particularly  at the ends of the line.
The received signal at any point along the line is generally unaffected by the 
vehicle speed, although aeria l sway at high speeds can produce sm all fluctuations. 
A lso, interference from  passing cars  is normally sm all, except when the 
tran sm itte r is in o r near a null position where reception becomes very sensitive 
to the surrounding environment. It was shown that the end of a ra ised  feeder is a 
m ajor discontinuity for s. w .m . propagation and*therefore causes large fluctuations
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in the received signal. The addition of a non-leaky section to that end matches 
this mode, thereby removing these short standing-wave signal variations, which 
greatly improves reception. An alternative solution would be to ensure that the 
line has no free ends by joining together the outer screen  of both sem i-c ircu la r 
sections to form  a continuous loop, assuming this layout is possible.
Lowering the feeder height generally reduces the depth of signal nulls because 
of the corresponding increase in the ,s . w .m . line attenuation, which tends to reduce 
the size of interfering signals. Weighed against this advantage is the corresponding 
drop in mean signal level. There is also the possibility that the n ea re r the giound 
the feeder is located the g rea te r will be the influence of changes in ground o r 
weather conditions. There are  other m ore practical points to consider which are 
dealt with in the next chapter.
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3 BURIED LEAKY FEEDER SYSTEM
The prelim inaiy  investigations provided general background information fo r 
this work. It was then necessaiy  to study one promising feeder layout thoroughly. 
Therefore, an experim ental system  was arranged alongside the University perim ete r 
road. This site was used both because of its convenience and also as it is reasonably 
representative of a rea l working environment, having signposts, lam p-posts, tre e s , 
etc. in the vicinity.
There are  three important factors to be considered in choosing the feeder 
layout, which are  its (i) Perform ance
(ii) Security
(iii) Cost
It is cheaper and m ore secure to lay the cable on o r just under the ground. However, 
compared to the raised  line the coupling loss is then higher, but th is is offset by a 
general reduction in the level of signal fading. Since in both cases the mean coupling 
is sufficient for data transm issions it is the size of the signal nulls which will 
determine the data e r ro r  ra te . Therefore, it is likely that a grounded o r  buried 
feeder will provide an equal if not better perform ance for this form of communication. 
At the University s ite , as with most other localities, security of the cable is a very 
important consideration.
After taking all these points into account it was decided to bury the feeder just
below ground level. However, it was unknown exactly how the system  perform ance
would be affected by burial, both initially and la te r  with clim atic changes in ground
18 19conditions. Johannessen * gives lim ited data in this a rea , where he reports an 
increase in coupling loss of 9 to 18 dB when the cable is buried 30 cm below ground 
in a plastic pipe compared to laying it on g rass . The spread in this value is due to 
changes in ground conditions, where increased w ater content resu lts  in low er coupling 
loss. However, here the shallow lay of the feeder is expected to m inim ise this 
increased loss.
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Details of the feeder layout used are  now given, together with the experimental 
procedure adopted here. Then the radiated polar diagrams for different c a r  aeria l 
positions are  studied. They are  related to the corresponding received signal 
behaviour for different vehicle separations from the line and also fo r both directions 
of travel along the road. The signal variations are  characterised  sta tistically  and 
th e ir  cause is examined in detail. The influence of the surrounding environment is 
mentioned and the effect of a change in tran sm itte r frequency is briefly considered.
3.1 Experimental Details
The layout used at the University is as shown in Figure 16 (see also plates 
5-10 in Appendix G). The 300 m long cable (BICC T3522) is buried about 10 cm 
below ground level in the g rass  verge, 2 m from the edge of the road. Vehicles 
travelling along the road (6 m wide) are  separated from  the line by approximately 
3 m on the nearside and 7m  on the farside (to centre of car). F o r the reason 
previously mentioned no repeater is included in the line.
Initially, received signal m easurem ents were made with equipment housed in 
a wooden hut, some 100m from the end of the buried cable where mains power supply 
was available. This necessitated laying a surface non-leaky cable (BICC TR116/091) 
to connect the equipment to the line. L ater the receiver had to be moved to the 
opposite end and located 5 m from the feeder in a portable cabin which was supplied 
with power by a petrol driven 3 kW generator. In both cases'the fa r  end was co rrectly  
term inated in a 75.a coaxial load. Signal reception was found to be very s im ila r  at 
either end, with no marked differences, overall in level and variation. F o r 
consistency, results given here , unless otherwise stated, are re stric ted  to those at 
the cabin end.
The general equipment layout used was as shown in Figure 41 and is described 
in detail in Section 4.-1 This arrangem ent was used for simultaneous data transm ission  
tests  and signal level m easurem ents, although often in the la tte r case for specific 
tests  only the c a r r ie r  was transm itted. The results were either directly  recorded in 
analogue form on Kodak photographic paper (using a Medelee F ibre Optic recorder)
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Figure 16 Buried Leaky Feeder Layout
o r  digitised and stored on certified digital cassettes (using an interface unit and 
digital cassette recorder). The details of this second method are  given in section 4.1 
and Appendix E , but it important to note here that signal samples a re  taken every 12 mS, 
which is equivalent to 2 .5  cm of c a r  travel at 5 m .p .h .
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These signal level m easurem ents were made over an 18 month period.
Initially only analogue recordings were taken until digitising equipment had been 
constructed (9 months later) along with the programming of a m icroprocessor 
(Appendix F) to process the resu lts .
Three vehicles, were used in these tests ; a Simca van, Mini van and Volkswagen 
saloon ca r  (Type 3 Fastback). The Simca van was mainly used, but a few comparative 
m easurem ents were made with the other two, demonstrating the effects of changes in 
vehicle shape and size. Tests were s till mostly concentrated at 40 MHz, although 
80 MHz was occasionally used to compare operation in that mobile radio band.
However, unless stated otherwise it is the 40 MHz results which are dealt with here.
In both cases the power fed to the vehicle^  lm  whip aeria l Was 2501 50 mW 
(Appendix D), although on many occasions this was reduced to m easure perform ance 
over a wide range of mean signal levels. Vehicle speeds were norm ally 5 m .p . h. 
but comparative resu lts  are given at 10 and 20 m .p .h . Speeds above th is were not 
possible at the University site .
The received signal m easurem ents were made at one end of the feeder while 
the ca r  travelled alongside the line in e ither direction at 3 o r  7m  separation. V ertical, 
centre roof mounted, and horizontal, ta il, aeria l positions were used. To simplify 
reference to which combination of these param eters is associated with p articu la r 
resu lts  given here the notation shown in Figure 17 is used. T herefore, 3 VT re fe rs  
to vehicle separated 3 m from  the line, using a vertica l, centre of roof, ae ria l and 
travelling towards the receiver.
A erial Car
Separation Position Direction
V -  V ertical, centre of roof 
H -  Horizontal, tail
T -  Towards rece iver 
A -  Away from  receiver 
I -  Independent of direction
3 o r 7m V orH  T, A o r I
Figure 17 P aram eter Notation
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3 .2  A erial Polar Diagrams •
It has been shown that the aeria l position on the ca r  has a significant 
influence on both the radiated polar diagram and signal reception by the feeder.
It is important to establish the reason for this so that the aeria l construction and 
location can be choosen to give the best system  perform ance. This requires 
studying f irs t the polar diagram s of various c a r-a e ria l configurations and then 
relating these patterns to the resulting mean signal coupled to the line.
3 .2 .1  Measurements
The polar diagram s of various aeria l configurations on both a Volkswagen c a r  
and a Simca van have been m easured with those of in terest shown in F igures 18 and
19 respectively. They were m easured at a radius of 7 .5 m (one wavelength), which 
is about the c a rTs average working distance from  the feeder, using another lm  
whip aeria l located at ground level which is system atically moved around the vehicle. 
These diagram s are  for vertical polarisation as horizontal polarisation is at least
20 dB lower. This in terest solely in vertical polarisation is fu rther justified in 
section 3.4.
As can be seen in Figure 18 and 19, significant departures ( >  1 3dB) from  
an omnidirectional polar diagram occur only when the aeria l is horizontal. Also 
with the aeria l off-centre on the vehicle the radiated power is directional (only 
slightly with vertical aerial) with the main lobe directed along a line through the 
centre of the vehicle.
The useful radiated power is that which reaches the vicinity of the fee'der.
With the Volkswagen separated 3m  from the line, this signal strength has been 
m easured using a whip aeria l at ground level moved along a line d irectly  over the 
buried feeder. The results are  shown in Figure 20 and are  here re fe rred  to as 
line diagram s. They indicate that the m ajority of the signal reception occurs over 
only a 20 to 30 m length of the line. When using an omnidirectional c a r  ae ria l this 
feeder reception area  is directly adjacent to the vehicle, but fo r the directional
45
(a) A erial vertica l, centre of roof
(b) Aerial vertical, offside front wing
(c) A erial horizontal, offside re a r  
boot-tail (0. 7 m above ground)
SCALE: 1 cm = 5dB 
(Uncertainty — t  3° , i  2dB)
Figure 18 Polar Diagrams fo r Volkswagen Car (vertical polarisation)
(a) Aerial vertical, centre of roof
(b) A erial horizontal, middle of tailboard 
(0.7 m above ground)
(c) A erial horizontal, offside of tailboard 
(0.7 m above ground)
SCALE: 1 cm = 5dB 
(Uncertainty -  t  3° , -  2dB)
Figure 19 Polar Diagrams Ib r  Simca Van (vertical polarisation)
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Figure 20 Line Diagrams for V ertical and Horizontal A erials on Volkswagen Gar
aeria l it is moved to a position just in front of the car. The decay in signal shown in 
Figure 20 depends both on the ca r  aeria l po lar diagram and the rate at which signal 
level falls with distance from the vehicle. A drop of about 6 dB p e r distance doubled 
is obtained in regions c lear of m etallic s tru c tu res , but in the presence of nearby posts 
this decay rises  to 9dB p e r distance doubled when further than 15 m from  the c a r , 
see Figure 20.
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As the signal level in the vicinity of the line is some 10 dB higher fo r the 
vertical, ra th er than horizontal, aeria l (see Figures 18, 19, 20) it may be thought 
that signal reception by the feeder would be correspondingly be tte r with the vertical 
aeria l. However, quite the opposite occurs when the vehicle is travelling towards 
the receiver end of the line, as has already been shown. The reason fo r this is that 
signal reception by the feeder is a resu lt of continuous coupling over its entire 
length (effectively over only 20 to 30 m). Therefore, it is the magnitude and phase 
of each coupled wave which when summed vectoria&y at the cable end gives the overall 
received signal level. To analyse this fu rther a simplified coupling model is now 
considered.
3 .2 .2  Analysis
3Following M artin 's work and using the coupling model shown in Figure 21, 
predictions can be made of the relative signal reception by the feeder fo r different 
ca r  aeria l po lar diagram s. In this model the feeder is separated into it single wire 
and coaxial propagation paths, represented by AB and CD respectively. Consider 
an element of line dx at point P. Signal coupled to this point sets up single wire 
mode (s. w .m .): waves in both directions, which couple continuously into the coaxial 
mode as they travel along the line. However, with high s. w .m . attenuation it is 
assum ed, as an approximation here , that all this coupling occurs directly  in 
element dx. From  this point coaxial signals travel in both directions but since the 
fa r end, C, is correctly  term inated, coaxial transm issions in this direction have no 
influence on reception at end D. T herefore, at the receiver the resu ltan t signal is 
obtained by integrating the contribution of each element dx along the line, taking 
account of the changing path length VP + PD. This process is m athem atically complex 
since not only are  changes in magnitude and phase due to different path lengths to be 
included, but also variations caused by the a e ria l 's  polar diagram . T herefore , to 
make these calculations eas ie r the following simplifying assumptions a re  made in the 
case where the ca r is separated 3m  from  the feeder: -
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Van
Rx75X1
Termination
’dx ’
Figure 21 Simplified Coupling Model
(i) Signal coupling occurs over only 30 m of line (see Figure 20).
(ii) Coaxial attenuation can be neglected over such short distances.
(iii) The relative decay in signal from aeria l (polar diagram) to 
feeder is related to radial separation by an inverse square law.
Regularly spaced points along the line, over the 30 m region, a re  taken and the signal 
reaching the receiver from  each of these is calculated and then vectorlally summed.
Calculating the signal reception fo r the horizontal aeria l as compared to the 
vertical aeria l (Figure 18(a) and (c)) at 3m  separation gave the following resu lts
(a) +5dB (± 3dB) fo r 3HT
(b) -17dB (+ 6dB) fo r 3HA
These compare well with m easured values of
(a) +5dB for 3HT
(b) -15dB fo r 3HA
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Similar calculations for greater car separations from the line are less 
reliable due to multipath effects. However, the success of this method has confirmed 
two important facts. •
(i) The directional coupling effect, where signals coupling to the 
line on the receiver side of the c a r  reinforce each other while 
those on the other side tend to cancel in the receiver direction.
Thus reception is mainly due to coupling to the feeder on only 
one side of the car.
(ii) Coupling occurs effectively only along short lengths of line when 
the c a r  is close to the feeder.
More work in this area  could be beneficial in optimising perform ance. F or 
instance, coupling loss at a given distance o r  its change with increased c a r  
separation could possibly be minimised through suitable choice of aeria l polar 
diagram  and velocity ratio for the feeder. However, this work is beyond the scope 
of the present study.
3.3 Signal Reception
A study is now made of the signal variations m easured at the end of the line 
for various vehicles, line separations and aeria l positions. Typical signal traces 
a re  given along with sta tistical analysis of the various resu lts , which provides 
corresponding mean coupling loss values. Concerning this work, it is im portant to 
note that the buried cable’s coaxial attenuation remained constant at 2 .2  dB 100 m *
(± 0.2 dB) over the 18 month m easurem ent period, even though on occasions parts  
of the buried line were in flooded ground.
3 .3 .1  Level Variations
With the test vehicle (Simca van here , but resu lts s im ilar for other vehicles) 
travelling alongside the line at 3 and 7 m separation typical fluctuations in signal 
• level received at the feeder end were as shown in Figure 22, fo r the vertical centre
51
roof mounted aeria l, and in F igures 23 and 24, for the horizontal ,fta il” ae ria l 
(Figure 23 fo r 3HA and 3HT, Figure 24 for 7HA and 7HT). In these traces the 
received signal level is plotted against ca r  position along the line. The 
omnidirectional vertical aerial produces identical signal traces fo r both directions 
of travel, whereas fo r the directional horizontal aeria l they differ, as F igures 23 
and 24 show.
Signal
Level
(-dBm)-
4 0 - -
Position of m etallic posts
60 —
250 200 150
Vehicle position along buried line (m)
(a) 3m from  line -  3VI
Signal
Level
50
70 - -
90 - -
100150200
Vehicle position along buried line (m)
(b) 7m from line -  7VT
Figure 22 Signal Reception From  V ertical A erial
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Figure 23 Signal Reception From  Horizontal A erial At 3m From  Line
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Figure 24 Signal Reception From  Horizontal A erial At 7m From  Line
However, all traces exhibit regular short standing wave fluctuations of varying 
magnitude with null spacings of about half a free space wavelength. The long standing 
wave variation normally present in these system s is not so readUy identifiable here 
due to the high attenuation of the s. w .m ., although in Figures 23(b) and 24(b) there is 
some evidence of a regular 30 m fluctuation which suggests a relative phase velocity 
between interfering modes of 0. 8. (Manufacturer quotes 0. 87 for cable’s coaxial 
propagation.)
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Using the vertical ca r ae ria l, close to the line the signal fluctuations are 
typically less than 10 dB, except at certa in , repeatable, localities (near m etallic 
posts) where 30 dB nulls are  normally obtained and depths up to 50 dB a re  recorded 
as isolated events on ra re  occations. F u rther away from the feeder the deep 30 dB 
nulls are m ore common and appear to be randomly distributed in position along the 
line.
The directional behaviour of the horizontal aeria l resu lts in striking differences 
in reception fo r both directions of c a r  travel. Most noticeable of these is fo r 3HT 
(Figure 23(b)) when signal fluctuations are  virtually non-existent and the mean level 
is about 5 dB higher than for 3VI (Figure 22(a)). However, in the opposite direction, 
3HA (Figure 23(a)), nulls are p resen t, typically of the same size as 3VI, but 
association of fades with particu lar posts alongside the line is now impossible. The 
mean level is also about 2 dB lower than for 3VI. At 7 m separation in e ither direction 
the mean signal level drops by about 20 dB, resulting in it being -  2 dB for 7HT 
(Figure 24(b)) and -  7 dB for 7HA (Figure 24(a)) both with respect to 7VI (Figure 22(b)). 
However, compared to using a vertical aeria l the signal variations are  notably less 
for 7HT, although they are  g rea te r in the opposite direction, 7HA.
To sum m arize, a horizontal, ra ther than vertical, aeria l is significantly b e tte r 
when travelling in the receiver direction, but with increased c a r  separation this 
advantage lessens. In the opposite direction the reverse  occurs with the vertical 
aeria l having bette r perform ance. It may be possible to design a composite aeria l 
which will give the directional advantages either way the ca r  travels along the road 
(e.g. if aerial directional perpendicular to feeder on e ither side of vehicle). This 
requires fu rther study in the future.
3 .3 .2  Analysis
To characterize signal reception under different operating conditions it is 
necessary  to analyse statistically  the results fo r each vehicle run alongside the line. 
This has been done using digitised signal recordings from the end of the buried 
feeder and a m icroprocessor (Intel 8080 -  details given in Appendix F). Two methods 
of analysis are used. F irs tly , probability density distributions (p. d. d.) of signal
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levels are plotted (Figures 25-28) which are  la te r  used to predict the data 
transm ission  perform ance. Then secondly, cumulative probability distributions 
(c.p . d.) of these signal levels a re  presented (Figures 29 to 31) which are  plots 
of signal levels against the probability that reception will be below each corresponding 
value. The c. p. d. is usually favoured by the system s engineer because it is eas ie r  
to use in both comparisons and characterisations of different runs (in mean, standard 
deviation and fitting to a known distribution).
The resu lts for this analysis were gathered over a 9-month period using 
predominantly a Simca van fo r the te st vehicle, although a few comparative tests  
were made using a mini van and Volkswagen car. Also the vertical c a r  aeria l was 
mostly used as it provides a good standard, with its omnidirectional polar diagram , 
to compare resu lts obtained using different vehicles and with those of other system s. 
Also it is likely that day-to-day variation will be much the same using e ither aeria l.
The p. d. d. fs shown in F igures 25 to 28 reinforce the observations made e a r lie r  
concerning the changes in reception which resu lt from increased separation and 
using the two different aeria l locations. However, it is also shown here that using 
different te s t vehicles causes only sm all changes in the signal distribution.
The c .p .d . fs given in Figures 29 to 31 are  plotted on probability graph paper
and included in these for comparison are  curves corresponding to signal variations
which follow Rayleigh sta tis tics (Rayleigh fading case) and Gaussian sta tis tics
(Rician fading with large specular component). Comparing the plotted c. p. d. fs with
73these curves and others, (notably those given by McNicol ) leads to the following 
characterisation of the vertical and horizontal aeria l re su lts :-
3VI -  Rician with about 10 dB between dominant signal 
and most probable fading component.
7VI -  Rayleigh
3HT -- Lognormal with standard deviation of 2 dB
3HA I Rician with g rea te r than 10 dB between dominant
7HT signal and most probable fading component.
7HA -  Rayleigh
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M easurements at very low signal levels are  in some cases affected by front-end 
receiver noise and also probabilities for these levels are  often calculated from 
insufficient samples which resu lts in poor confidence in the computed values. This 
leads to deviations from the true signal distribution at these low levels and is 
noticeable in Figures 28 and 31 for 7HA plot and Figure 30 for Simca van resu lts . 
Although in this la tte r case there  is evidence that deep signal nulls are not present 
and therefore this signal distribution is only approximately Rayleigh in nature.
The mean levels for these different cases (using Simca van results) when 
compared to the highest 3VI value, and giving day-to-day spreads in resu lts  where
a re :-
3 VI - 0 to -3 dB
7 VI - -14 to -16 dB
3HT - +4dB
3HA - -5 dB -
7HT - -18 dB
7 HA - -23 dB
The mean level variations experienced using different vehicles is only about 1 o r 2dB 
(Figures 29 and 30) and can be included overall as day-to-day changes.
To check whether the vehicle speed influenced the shape of these distributions, 
resu lts were analysed separately for th ree different speeds; 5, 10 and 20 m .p .h .
In each case the c .p .d . was plotted for comparison as shown in Figure 32 (3VI and 
7VI results displayed here). Note that the tran sm itte r power used here was only 
2 0 0 and therefore again signal m easurem ents at very low levels a re  affected by 
the receiver front end noise. This figure shows little disceraable difference in the 
signal distributions at these three speeds. In fact the sm all variations that do occur 
are  attributable to receiver tuning stability (about t ld B ) .  Therefore, the m easurem ent 
system  used here does follow the fading adequately and also samples the signal level 
sufficiently frequently to characterise its behaviour correctly .
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3 .3 .3  Coupling Los s
The mean coupling loss was calculated fo r each te st run along the line. This 
was done by averaging signal reception for a vehicle travelling along the central 
200m region of the line, and then correcting this fo r mean cable attenuation (raising 
level by 3 dB here). T?he difference between this value and transm itted  power 
provides the mean coupling loss figure. Typical values are as follows:- (Uncertainty 
t  3 dB, whereas precision ±1 dB)
3 VI - 76 dB
7VI - 90 dB
3HT - 70 dB
3HA - 79 dB
7HT - 92 dB
7HA - 97 dB
It is interesting to note here that in burying the feeder the mean coupling loss 
only increased 2dB above that with the line lying on the ground(however when buried 
the feeder was about 0 .5m  n eare r to the road).
Using a vertical aeria l the mean coupling loss rises  by 14 dB when separation 
increases from  3 to 7 m. However, this is unlikely to be simply related  to the 
change in distance from the feeder by an inverse power law, because being basically 
an average of signal levels in decibels it also takes account of changes in the signal 
distribution. Therefore, as in this case the signal fluctuations increase noticeably 
at 7 m separation the r ise  in mean coupling loss will be due partly  to this (2 to 8 dB) 
and partly  due to the increased separation (6 to 12 dB). The horizontal ae ria l values 
will likewise be affected by changes in the size of signal fluctuations.
The effect of differing ground and weather conditions experienced over the
18-month m easurem ent period was to vary these coupling loss values by + 4dB. This
was predominantly monitored at 3 m separation (3VI) although it appears equally
applicable at further distances. Interestingly the highest coupling loss is obtained
when the ground is very diy and the lowest value-, best, when it is flooded. Although
19,
this finding is not conclusive it does agree with observations made by Johannessen.
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There is also here a tendancy for deeper nulls to occur with increased ground
w ater content, which is expected since with reduced coupling loss the susceptibility
of the signal to interference from  the surrounding environment will increase. This
reduction in coupling loss may be att ributable to improved conversion between
28 29single wire and coaxial modes of propagation. Work by Gale and Beal * suggests 
that this improved conversion could be due to synchronisation of the phase velocities 
of these two modes, caused by the changed ground w ater content.
3 .4  Causes of Signal Variations
It is important to determine the cause of the m ajor signal fluctuations and also 
to ascertain  why these are  greatly reduced by the use of an horizontal ca r  aeria l.
With this information it will then be possible to predict what effect will be produced 
by a change in environment surrounding the feeder and also to decide, overall, 
which aeria l orientation is be tte r, along with the required polar diagram . To 
provide this information the following carefully controlled experim ents were perform ed.
3 .4 .1  Expe r  iment s
The experiments were conducted along a 50 m region of the buried line where 
there was relatively little  signal variation m easured at the receiver and which was 
also c lear of m etallic structure (around 150m area  in Figure 22(a)). This region 
was chosen so that the effects of introducing different m etallic structu res into the 
test zone could be monitored without interference from  other sources. However, 
this meant that the tran sm itte r separation from  the feeder had to be re s tr ic ted  to 
3 m because fu rther away these steacfy signal areas do not exist.
Two different m etallic structures were used h e re :-
(a) 6f pole (1" dia.) mounted on V  square base.
(b) 12T pole (1TI dia.) -  no mountings
Each was positioned separately in the centre of the te s t zone at various distances 
from the feeder and was orientated in the following ways:-
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(i) vertically
(ii) horizontally -  parallel to line
(iii) horizontally -  across line (perpendicular)
When horizontal, (a) was tilted on its side and (b) was supported 200 mm above 
ground on cardboard boxes. F o r each position of these poles recordings were 
made of the signal variations at the receiver as the ca r  (Volkswagen) travelled 
alongside this zone, using f irs t a vertical and then an horizontal c a r  aeria l.
The results of in terest from  the tests  are  shown in F igures 33 to 36. Each 
trace  in these figures corresponds to different pole separations from  the feeder 
and the one m arked infinity is the reference case where the pole is removed from
the test. zone. Typical signal traces using a vertical ca r  aeria l with the 6f vertical
pole are shown in Figure 33, and with the 12f horizontal pole, para lle l to the line, 
in Figure 34. Keeping this la tte r  arrangem ent, but now using a horizontal c a r  
aeria l the traces  shown in F igures 35 and 36 were obtained for travel to (3HT) 
and from (3HA) the receiver respectively. Note that for the 2m  trace  in F igure 36 
its shift and slight com pression is due to an increased ca r  speed for that run. With 
the 6T vertical pole in the te s t zone and using the horizontal ca r  aeria l then fo r
Direction of travelPole Position
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mm = 10 dBDistance of 
pole from  edge 
of road for 
each trace
(m)
Distance from receiver (m)
(Note:- Leaky Feeder is 2m from edge of road)
145195
Figure 33 Interference Bv 61 V ertical Pole. V ertical Car A erial -  3VI
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travel in the receiver direction (3HT) no significant signal variations a re  obtained, 
whereas in the opposite direction (3HA) the resu lts are generally worse (deeper 
nulls and g rea te r influence further from the feeder) than those shown in F igures 33 
and 36. With either aeria l position, the 6* horizontal pole produced very little  signal 
fluctuation, as did placing either of the poles across the line.
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pole from 
edge of road 
for each 
trace-(m)
oo
Pole Position
I
Direction of travel
Scale 
3 mm = lOdB
195 Distance from  receiver (m) 145
(Note:- Leaky F eeder is 2m from  edge of road)
Figure 34 Interference Bv 12* Horizontal Pole Paralle l to Line. V ertical 
Car A erial -  3VI
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Figure 35 Interference By 12f Horizontal Pole P aralle l to Line. Horizontal 
Car A erial -  3HT
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Figure 36 Interference by 12f Horizontal Pole P aralle l to Line, Horizontal 
Car A erial -  3HA
P arts  of this experiment were now repeated without using the car; instead the 
whip aerial and tran sm itte r were placed on a m etal tray  (0.5 m square), on the side 
of the road 2 m from the feeder. The tray  could be manually pulled (using nylon 
rope) along the test region at this separation. Initial tests  were made with this 
grounded vertical aeria l over the same zone previously used and with the 6f vertical 
pole placed at various distances from the feeder. Typical results from  this work 
are  shown in Figure 37 -  traces (a), (b) and (c). They a re  very s im ila r to those 
obtained with the vertical ca r  aeria l (Figure 33) except that with the grounded aeria l 
being n earer the line the mean signal level is about 5 dB higher.
This grounded aeria l was now made directional by placing a parasitic  element 
(director) about a tenth of a wavelength in front of the whip ae ria l, with th e ir  
connecting axis intersecting the feeder at 45° towards the receiver end of the line.
The relative signal radiated along this axis compared to that along the orthogonal 
axis, in both cases .towards the feeder, was 8 dB (measure of directionality). This 
composite aerial was repeatedly dragged along the te st zone in the rece iver direction,
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F igure 37 Interference by 6f V ertical Pole When Using Grounded V ertica l A erial
and for each run the 6f vertical pole was again placed at various distances from  
the feeder. The presence of this pole has now virtually no effect on reception, as 
trace  (d) in Figure 37 highlights. Previously (trace (c), Figure 37) nulls up to 
35 dB in size were present with the pole close to the line but now with this directional 
aeria l these fades are  reduced to a slight ripple. Also correspondingly the mean 
signal level increases about 4 dB, mainly due to removal of the nulls.
3 .4 .2  Discussion
These experiments show that vertical structu res near the line are  the dominant 
cause of signal nulls (Figure 33) when using either a vertical o r  horizontal c a r  
aeria l. W hereas, horizontal m em bers only influence reception when very close to 
the feeder, and even then signal fluctuations are  sm all (Figures 34 and 35). (Note, 
results in Figure 36 are  a special case dealt with la te r .)  If a m etallic structu re  is 
m ore than 3 m from the line then it would appear that reception will be unaffected 
when the vehicle travels close to the feeder. Interestingly when a nearby obstacle 
does cause fluctuations in signal level they are  of a standing wave nature with
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practically  all the nulls occurring when the vehicle is on the receiver side of that 
structu re . The nulls are  spaced about half a free space wavelength apart and 
generally the n earer the c a r  is to the obstacle the deeper will be the fade.
The resu lts obtained with the grounded aeria l (Figure 37) are  very s im ilar 
to those previously obtained with vertical and horizontal ca r  ae ria ls . However, 
the grounded aerial even when made directional would be radiating only a vertically 
polarised signal. Therefore, two important points can be concluded from  th is.
F irs tly , it is the directional property of the horizontal ca r aeria l which greatly  
improves signal reception when travelling towards the receiver and not an advantage 
gained from  changing signal polarisation. Secondly, with very s im ila r reception 
levels from grounded and ca r  aeria ls  it appears that it is the vertically  polarised 
signal which is predominantly coupled into the buried feeder, even with the 
horizontal c a r  aeria l. It would, therefore, be expected, as shown, that the vertical 
ra th er than horizontal structures near the line will cause much m ore interference 
to reception.
It will be noted that the improvement obtained with the horizontal ae ria l has 
previously, in this work, been assumed to be due to its directional quality, which 
is now proved to be co rrect. It reduces previous 30 to 40 dB nulls (Figure 33) to 
a maximum 8 dB ripple, but this is only when the aerial is directional along the 
feeder towards the receiver. If instead a large proportion of signal is aimed in the 
opposite direction (e.g. using 3HA) then not only is the mean signal level received 
lower, for the reason given in section 3 .2 .2 , but also interfering reflected signals 
from  line discontinuities and nearby structures coupling into the feeder are  now 
likely to be higher in the receiver direction. This results in severe , (over 50 dB) 
signal nulls (Figure 36), and also generally increases the size of the signal variations.
It would be interesting to check whether the presence of a ,Tcrash  b a r r ie r ”
19,20above the buried feeder influenced signal reception. Johannessen has shown
at 105 MHz that its effect is sm all and this would appear to be the same here .
However, fu rther study in this a rea  is outside the means and scope of this p resent 
work.
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3 .5  Results at 80 MHz
Although 40 MHz is the p referred  frequency it is possible that allocations
might be obtained in one of the existing mobile radio bands, albeit probably at
reduced bandwidth. Also the National Coal Board have existing leaky feeder system s
3 4in th e ir mines operating at around 80 MHz. * F o r both these reasons it is 
interesting to m easure and compare perform ance of the buried line at this frequency.
Therefore, the work perform ed in section 3.3 was repeated at 80 MHz using 
the identical arrangem ent. However, only the vertical, centre roof, mounted aeria l 
was used here on the Mini van (test vehicle). The tran sm itte r power fed to this 
aeria l is s till 250 ± 50 mW (Appendix D). Typical resu lts are shown in F igures 38 
to 40, using the same form at previously used (section 3 .3 ).
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Figure 38 Signal Reception at 80 MHz -  V ertical A erial
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Figure 39 Signal Level p. d. d. at 80 MHz -  V ertical A erial
These show a general deterioration in perform ance at this higher frequency. 
The received signal fluctuations when the c a r  travels close to the line have 
noticeably increased (compare Figure 38(a) with Figure 22(a)), although further
away they are  still s im ilar to those at 40 MHz. The spacing of the nulls is s till
about half a free-space-wavelength apart. The signal level distribution is now 
close to the Rayleigh fading case at both 3 and 7‘m separation as Figure 40 shows. 
The mean signal level has also noticeably dropped as the following com parison 
with the 40 MHz, 3VT, reference shows:-
3VI (80 MHz) -12 dB
7VI (80 MHz) -20 dB •
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Figure 40 Signal Level c .p . d. at 80 MHz -  V ertical Aerial
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In mean coupling loss term s this becomes
3VI (80 MHz) 84 dB
7VI (80 MHz) 92 dB.
The coupling loss at 3m  separation is 10 dB g rea te r  than at 40 MHz, although this 
r ise  is in part due to the increased signal fluctuations at the higher frequency. At 
7m  separation, where at both frequencies s im ila r signal distributions occur, this 
difference is only 4 dB and, therefore, would appear to be the true increase in 
coupling loss. Hence 6 dB of the increase at 3 m separation is due to g rea te r  signal 
fluctuations at 80 MHz. With vehicles separation increased from  3 to 7 m coupling 
loss r ise s  8 dB here compared to 14 dB at 40 MHz. However, this la tte r  figure
again includes changes in signal distribution. The 8 dB decay ra te  agrees with
5 19 20findings of Cree and also Johannes sen * who found that a drop of 5 to 8 dB p e r
distance doubling occurs up to 60 m from  the feeder and then fu rther away this r ise s
to 8 to 12 dB p e r  distance doubling.
The effect of a directional tran sm itte r aeria l has not been studied at this
19 20frequency. However, from the 40 MHz resu lts here and JohannessenTs * work 
at 105 MHz it seem s likely that s im ilar improvements in reception at 80 MHz will 
result from th e ir use.
It is interesting very briefly to mention, with respect to the choice of system  
operating frequency, the resu lts of m easurem ents made in a disused railway tunnel 
(4 m diam eter). Here the feeder was supported from  the tunnel wall and the rece iv er 
attached to the cable end. The tran sm itte r was moved along the tunnel centre over a 
short distance (10 m). At 80 MHz large fluctuations in the received signal occurred  
due to interference between different modes of propagation within the tunnel. W hereas 
at 40 MHz, being below the cut-off frequency fo r waveguide propagation, the received 
signal was fairly  steady (4 dB variations). This resu lt is by no means conclusive but 
it does indicate better perform ance at lower frequencies and should be taken into 
consideration if a planned system  involves lengthy road tunnels o r underpasses.
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3 .6 . Conclusions
Generally, with a whip aeria l located in any vertical position on a vehicle 
the resulting polar diagram (at 40 MHz) is reasonably om nidirectional. However, 
with it positioned horizontally at the re a r  of the ca r  the radiated signal power 
becomes fairly  directional. In both of these cases, at 3m  separation from  the 
feeder, coupling mostly occurs over an adjacent 30 m length of the line. It is 
possible to substantiate this point using a simplified model to represen t the coupling 
mechanism. Predictions using this model, giving the relative coupling loss for 
different aeria l po lar diagram s, compare favourably with practical resu lts . It is 
possible with m ore work in this area  that optimisation of system  param eters could 
be achieved.
Generally, variations in the received signal take the form of short standing 
waves with nulls of various size spaced about half the free space wavelength apart. 
The long standing wave often associated with leaky feeder system s is not a prominent 
feature here. When close (3 m) to the line using the vertical c a r  aeria l the rapid 
signal fluctuations a re  sm all, except in the vicinity of vertical s tructu res (e .g . posts) 
where deep nulls occur. F u rther from  the feeder these variations increase in size 
becoming sim ila r to those expected under Rayleigh fading conditions. If instead the 
horizontal ca r aeria l is used then the direction of travel with respect to the receiver 
becomes very important. When travelling in the receiver direction close to the line 
signal nulls are  virtually non-existent and fu rther away they are  noticeably reduced 
in size and frequency. However, when driving in the opposite direction these 
fluctuations greatly  increase, particularly  when travelling near the feeder. 
Corresponding changes in mean signal level also occur in these different directions 
of trave l. The directional quality of this horizontal aeria l is the cause of these 
noticeable differences, resulting in improvements when heading towards the receiver 
but deteriorations in the opposite direction.
With increased ca r  separation from  3 to 7m  from the line, coupling loss rise s  
14 dB when using the vertical aeria l and 20 dB for the horizontal ae ria l. These 
values are  enlarged due to corresponding increases in signal variations fu rther from  
the feeder. Also with the horizontal ae ria l its directional advantage lessens with 
increased separation. In general once a settled signal distribution is reached, which
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is about 7 m from the feeder using a  vertical ae ria l and further fo r the horizontal 
ae ria l, then the r ise  in coupling loss with additional separation will be between 5 to 
8 dB p e r distance doubling.
The effect of different prevailing ground and weather conditions on coupling 
loss was of particu lar concern when considering whether to bury the feeder. However, 
it is shown that they have a relatively sm all influence, amounting to a spread of 8 dB 
in mean coupling loss over a 18-month period. Interestingly as ground m oisture 
content r ise s  there appears to be a reduction in coupling loss.
From  lim ited resu lts it appears that a change in vehicle shape and size only 
produces a sm all change in coupled signal level. A spread of 5 dB was seen here.
It has been shown that the vertically  polarised signal dominantly couples into 
the buried feeder. As a consequence of this it is vertical structu res alongside the 
line which produce the m ajor signal fluctuations, particu larly  the deep nulls. It is 
also shown that it is the directional quality of the vertically polarised signal radiated 
by the horizontal aeria l which greatly improves its perform ance, and not a 
change in polarisation with the different aeria l orientation.
If a buried leaky feeder system  were operated in the 80 MHz mobile radio band 
then the coupling loss would be higher here than at 40 MHz. However, whilst this 
increase is fairly large when the vehicle is near the feeder, fu rther away it becomes 
less noticeable.
Finally it should be highlighted that the horizontal aeria l provides received 
signal variations which are typically b e tte r than those obtained using the vertical 
aeria l. In some cases with this directional aeria l these signal fluctuations are  
greatly reduced and at worst they a re  possibly slightly g rea te r than those otherw ise 
obtained. However, the important disadvantage it has is the drop in m ean signal 
level experienced both when travelling away from the receiver and also as the 
separation from the feeder increases. It may be possible to improve significantly
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this situation if the c a r  aeria l arrangem ent could be made directional perpendicular 
. to its axis so that signal power is directed straight at the feeder. However, other 
probably sim pler and m ore reliable means of improving perform ances are  considered 
in Chapter Five.
The author wishes to acknowledge that the P o lar and line Diagram m easurem ents 
were perform ed with considerable help from  M r. A. G. Chadney.
4 DATA TRANSMISSION
A study was now made of the data transm ission performance of the buried
feeder system at 100 kbs \  The use of this high data rate was prompted by
Peugeot’s needs although other users may require lower operating speeds.
t
However, the improved perform ance at these lower rates will be predicable
• A
from the results given here.
Using binary frequency shift keying (f. s. k.) to transm it the data, experim ents
were arranged to determine the quality of this link. F. s .k . was used because it
46 48has near optimum narrow bandwidth operation * and is also very simple to
46 47 48implement. It is well documented in its perform ance under both non-fading * * 
and fading55>56,58 conditions when the optimum frequency s e p a ra t io n ^ ’^*’^  is
used. Its use is also commonly taken as a standard by which various system s are
74 79compared. In this connection the work of others * is of in terest, particu larly  
that of French.7^
Transm itting high bit rates made perform ance recording difficult and consequently 
it was necessary  partly to pre-analyse information before digitally storing it on 
cassettes. The details of how this was achieved and other general m easurem ent 
information is now given. This is followed by a study of the equipment perform ance 
under non-fading conditions, which is compared with the resu lts  of a corresponding 
theoretical analysis. E rro r  ra tes  using elem entary 1010 data a re  checked for 
differences against those obtained with pseudo random sequences. Then with this 
established m easurem ent system the perform ance of the buried feeder layout was 
tested and the resu lts  compared with predictions made from the received signal 
characteristics given in Chapter Three. Perform ance at 80 MHz and also with 
different vehicles is briefly considered. Finally, e r ro r  patterns a re  analysed to 
indicate the type of e r ro r  control coding necessary. ;
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4 .1  M easurement Arrangements
The equipment arrangem ent used in the data tests  was as shown in F igure 41. 
It is a m ixture of specially designed items together with standard com m ercial 
instrum ents (Appendix D and E give details). In this layout a vehicle mounted 
transm itte r is driven by an f. s .k . modulator whose data source is an elem entary
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Figure 41 Experimental Layout
non-return-to-zero  square wave. A 127 bit 
also used for comparative laboratory te s ts , 
in the vehicle a re :-
T ransm itter power 
C a rrie r  frequency 
Data square wave frequency 
. Modulator Type
Modulator input b andwidth 
Modulation index
 ----    .. 79
pseudo random sequence ( p .r .s .)  is 
Important param eters of the equipment -
-  250 mW maximum
- 40 MHz (occasionally 80 MHz)
-  50 kHz
-  Marconi AM/FM Signal G enerator 
(TF2015)
-  150 kHz
-  0. 85 (optimum)
At the feeder end signals are  amplified and fed to both the rece iver and a level 
detector. The important features of the receiver a re :-
Type -  Eddystone 1090R/2
Input (I. F .)  bandwidth -  200-10 kHz
Noise figure (N .F .) -  7. 7± 0.5 dB (includes added front
end amplifier)
Demodulation by -  standard lim iter-d iscrim inato r I. C.
(R .C .A . 3089E)
The r e c e iv e rs  output is low-pass filtered  to maxim ise the signal to noise ra tio
at the sampling instant. The filte r has a bandwidth-bit-period product of 0 .36,
although subsequent data reshaping slightly reduces the overall value, bringing it
39closer to Schwartz’s ideal value of 0 .2 . A fter reshaping the data is fed to an 
e r ro r  detector. The outputs from both signal level and e r ro r  detector are  connected 
either to an analogue reco rd er o r  instead via an interface unit to a cassette  reco rd e r 
to sto re  re su lts . The basic design of the e r ro r  detector is shown in Figure 42.
Phase Lock Loop
Data Input
Phase
Comp. /X /
2
90 0  
Shift4 - 2 Single
Output
N>Multiple
Output
E rro r
Comp.
Binary
CounterGate
/ i
Sj and Sg are switched 
to y  contacts for p. r .  s. 
erro r detection.
Reference Clock
Direct from p. r .  a. generator
Figure 42 Block Diagram of E r ro r  Detector
It operates by generating a reference square wave, via a voltage controlled osc illa to r 
(v. c .o .) ,  phase locked to the incoming data. This reference is compared with the
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received data at the centre of each bit and if they disagree then an e r ro r  is reg istered  
both as a short output pulse and also by incrementing a 20 stage binary counter. 
During deep signal fades the incoming data may be completely lost and then 
synchronisation of the reference with the transm itted data is not guaranteed. It 
is important that an unsynchronised reference does not increase o r decrease , 
significantly, the e r ro rs  recorded. To check th is, the m easurem ents shown in 
Table 2 were taken.
DATA RATE TIME TO LOSE LOCK TIME TO GAIN LOCK
(kbs"^) (/<s) ( /* s )
100 5500 -  400 • 200 ± 200
98 320 t  10 100 + 100
102 320 t  10 100 t  100
Table 2 Phase-Lock-Loop Perform ance
Time to lose lock is m easured as the interval between the rem oval of incoming data 
to the p. 1.1. (data still fed to e r ro r  comparator) and the reg istering  of an e r ro r ,  
while tim e to gain lock is gauged as the interval between reconnecting data to the 
p. 1.1. and the cessation of e r ro rs  being reg istered . Table 2 indicates that the e r ro r  
detector will not provide incorrect resu lts  due to the reference and incoming data 
being unsynchronised, unless this unlocked state p ersis ts  for lengthy periods. 
However, in these cases the extra e r ro rs  it may mistakenly reg is te r  will have 
negligible affect on the high e r ro r  ra tes then recorded. The e r ro r  detector was 
modified for use with p. r .  s. data by removing the p. 1.1. and using a delayed d irect 
reference and clock from  the p. r .  s. generator, as shown in Figure 42.
Initially (first 9 months) analogue recordings were made of data e r ro rs  together 
with associated signal variations. The e r ro r  detector’s counter outputs were used 
here to provide sufficient resolution in the recorded resu lts . L a ter (last 9 months) 
a digital cassette  reco rd er was used instead to sto re  this information. However, the 
only instrument available for this purpose had a maximum storage ra te  near 3 kbs \
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This is much less than required to record  directly both bit e r ro rs  (maximum 
occurrence ra te  100 kbs-*) and signal variations in rea l tim e. Therefore, it was 
necessary  to p re-p rocess the e r ro r  information before it was recorded. This was 
achieved in a specially designed Interface Unit (Appendix E) which also provided 
data formating and control signals necessary  for the reco rd er. This unit provides 
the following important functions in 12 ms in tervals, as Figure 43 also dem onstrates.
(a) Counts number of e r ro rs  (11 bit counter) -  N
(b) Counts time between s ta r t of period and when f irs t e r ro r
occurs (11 bit tim er) -  T
(c) Samples signal level and converts into digital form  (6 bits 
per sample) -  S
(d) Adds sample m arkers (4 bits) -  M
(e) P resents previous sam plefs N + T + S + M to cassette 
reco rd er for s to rag e ..
KEY
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T = 
EBS = 
TBE =
Sampling periods 
No. of e rro rs
Time from  s ta r t of interval to f irs t e r ro r  
E rro r  block size 
Time between e rro rs
| adjusts to captureData E rro r
EBS EBS
,TBE TBE
Data
E rro rs
Sampling Instances
Figure 43 P re-processing  of Data E rro rs
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A 12 m s period is chosen as the best compromise between loss of resolution 
and loss of information if either longer o r sh o rte r intervals are used, respectively.
As Figure 43 shows, the sampling instant can adjust itself very slightly to ensure 
that e r ro rs  occurring at the sampling instant are  not lost.
The re trieva l of the digitally recorded information is accomplished using a 
m icroprocessor which also provides the final analysis of the re su lts . The program s 
written for the m icroprocessor to perform  these functions and details of its 
interconnections to the cassette reco rd er are  given in Appendix F.
4.2 Steady State Perform ance
Initially it was necessary  both to optimise and characterise  the perform ance of 
the m easurem ent arrangem ent shown in Figure 41. Therefore, with the f. s .k . 
modulator directly connected to the rece iv er (see Figure 41) laboratory  experim ents 
were conducted providing the following resu lts .
4 .2 .1  Optimisation
Using a range of frequency deviations in the f. s. k. modulator the corresponding 
received data e r ro r  rate was checked using both 1010 and p . r . s .  data at 100 kbs 
The resu lts  a re  given in F igure 44 which also shows the effect of different rece iv er 
input signal-to-noise ratios (s.n . r . )  (but note in laboratory tests  the re ce iv e r’s 
noise figure is 3 dB less than la te r  used in the feeder perform ance m easurem ents). 
Small differences between e r ro r  ra tes  for the two data sequences are  attributed to 
drifts in the equipment, particularly  rece iver tuning. Figure 44 c learly  dem onstrates 
that optimum perform ance is obtained at 50 kHz deviation, corresponding to a 
modulation index (p ) of unity.
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46 48However, unity ft is noticeably higher than normally quoted optimum values. * 
Therefore, the m odulator!s output frequency spectrum  was checked using again ' 
various frequency deviations with both 1010 and p. r .  s. input data. The resu lts  of 
in terest are  shown in Figure 45. They confirm that the modulator*s input bandwidth 
is 150 kHz. However, also shown (compare Figure 45(a) and (b)) is that this ; 
restric ted  bandwidth resu lts  in the modulated signal havirgajB which is 85% less  than 
the modulator indicates (compare also spectrum  in Figure 45(e) with those in 
references 36 and 39). Note, sm all differences between corresponding spectra  in 
Figure 45 a re  attributable both to m easurem ent accuracy and approximations made 
in the predictions. Taking this correction factor into account in F igure 44 puts the 
optimum ft at 0. 85 which is in good agreem ent with the findings of S h a ft^  and Tjhung.
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In Figure 45(c) account is taken of the rece iv er’s input bandwidth on the line 
spectrum . If this is then compared with the F M line spectrum  of a sinewave 
modulated signal with unity f t, shown in Figure 45(d), it is seen there is little  
difference within the rece iv er’s bandwidth. This point is used la te r  in a theorectical 
study of the m easurem ent system ’s perform ance.
4 .2 .2  M easured Perform ance
The perform ance of the receiver as a function of input signal level (under 
non-fading conditions) was m easured using this optimum frequency deviation and 
transm itting both 1010 bit sequence and p. r .  s . The resu lts  are  shown in F igure 46, 
where received data e r ro r  ra tes  are  plotted against corresponding input s .n .  r .  ’s.
As seen, there is no discernable difference in perform ance between the two data 
stream s used, which indicates that intersymbol interference is not a prominent 
cause of e rro rs  in the m easurem ent system . Therefore, it appears that elem entary 
1010 sequences can be used here without unfairly biasing the m easurem ents. However, 
if frequency selective fading exists in the feeder system  then this data s tream  should 
prove to be a s te rn e r test than a p. r .  s.
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Also shown in Figure 46 is a ldB drop in perform ance when the receiver is 
25 kHz ’’off tune”, which is the maximum drift in receiver tuning expected in these 
te s ts .
48F igure 47 compares the m easured perform ance with Tjhung’s for a
corresponding receiver input bandwidth of 200 kHz. There is little difference
48between the two and, as shown, if the bandwidth were reduced to the optimum
100 kHz then about a ldB improvement could be achieved. Figure 47 also gives
43the optimum binary perform ance which is some 4dB better than that m easured 
here.
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4 ,2 .3  Theoretical Perform ance
45 47Following the work of Rice and Schilling the theoretical perform ance of 
the f. s .k . receiver is derived. The details of this analysis are  given in Appendix C 
with only the important points being considered here.
In the analysis the f .s .k .  signal reaching the rece iv er's  discrim inator is
considered to have been filtered to the extent that only the fundamental component
of the transm itted  1010 data sequence rem ains. This was shown in section 4 .2 .1
to be a valid approximation. Also degredation in perform ance due to intersym bol
interference was shown in section 4 .2 .2  to be negligible and therefore its effects
are  ignored here. The analysis of the d iscrim inator follows R ice 's method of
assuming that its output noise can be approximated by Gaussian noise plus impulsive
noise due to spikes o r clicks. It is also assumed that e r ro rs  caused by each type of
noise can be calculated independently and then summed to give the total e r ro r  ra te .
In this study the effect of discrim inator output low-pass R C filtering is taken into
44account. This differs from  Schilling's work which assum es Gaussian filtering.
The e r ro r  rate (Pe) in the data output from the receiver for a given input s .n . n(^o) is 
shown by the analysis to be expressed by
Pe = 0. 5 erfc (1. 2 ^ )  + 0. 3 e ^
where the f irs t part accounts for e rro rs  due to Gaussian noise and the rem ainder 
due to impulsive noise at the discrim inator output.
Using this form ula e r ro r  ra tes  a re  predicted at selected rece iver input s .n . r .  's  
and compared in Figure 47 with experim ental resu lts . There is no noticeable 
difference between predicted and practical values, which verifies both the theoretical 
model used and the resulting e r ro r  rate prediction formula.
This expression is la te r  used to predict the perform ance of a full scale buried 
feeder system  operating under various conditions.
8 8
4 .3  System Performance
It is now possible to examine the data transm ission  perform ance of the buried 
feeder system  using the equipment arrangem ent shown in Figure 41. The experim ental 
-details and procedures appropriate here were the same as those outline in sections 3 .1 , 
except that data is now transm itted , using f. s .k . with a modulation index of 0. 85.
F o r conventional mobile radio system s perform ance is m easured o r predicted
with respect to local mean signal levels averaged over distances (say 50 m) which
78are  long compared to the separation between fades. In this experim ental system  
perform ance is m easured over the central 200m of the line, with the 50m regions 
on either side being ignored due to possible end effects here giving uncharacteristic  
resu lts . This 200m , therefore, provides a convenient length over which to average 
signal reception and relate perform ance. However, to predict e r ro r  ra tes  in extended 
system s it is necessary  to determine the effect of changes in the mean signal level.
This was done by making vehicle runs using different tran sm itte r powers and hence 
changing, correspondingly, the mean reception level.
Before examining the overall perform ance the e r ro r  ra tes  were m easured, as 
a check,in areas where transm issions were free of fading as outlined below.
4 .3 .1  Non-Fading
In the feeder system  the received signal strength always fluctuates when the 
transm itting vehicle is in motion. However, it is possible to determ ine the non-fading 
perform ance by analysing the data e r ro rs  recorded in those samples that maintain 
constant signal level throughout the ir 12 ms period. It is assum ed that these non-fading 
samples can be identified by taking the central of any three consecutive samples 
which all have identical signal levels. This assumption could be incorrect if frequency 
selective fading occu rs , although by averaging resu lts  over complete vehicle runs 
such effects will be minimised. F or convenience, with each vehicle run the e r ro r  ra tes
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for all the samples are  grouped together into sections so that the signal levels of 
all those in each section can be averaged together and related  to the appropriate 
group mean e r ro r  ra te . This sim plifies the com parison, shown in Figure 48, 
between different sets of feeder resu lts  and also in comparing those with the 
m easurem ent perform ance established in the previous section. It was found that 
very little difference in perform ance occurs if samples a re  used in the analysis 
which contain less than 2Q0dBs ^slopes in signal level. Figure 48 shows very good 
agreem ent between the laboratory m easured perform ance curve and the resu lts  
for the system  in the non-fading case, with differences caused by uncertainties 
(due to grouped e r ro r  rates) in plotted values and the receiver drifting "off tune". 
This confirms the non-fading perform ance of the buried feeder system  and therefore 
allows a sound investigation under fading conditions to be undertaken.
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Figure 48 Non-Fading Perform ance
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4 . 3 . 2  Fading
The overall data transm ission perform ance of the buried feeder system  is 
now examined with the te s t vehicle (Simca van), using either a vertical (centre 
of roof) o r  a horizontal (centre of tailboard) ae ria l, travelling alongside the line 
at different separations. The data e r ro r  ra tes are  averaged over vehicle runs 
of 200 m made at constant speeds (generally 5 m .p .h .) . Various tran sm itte r 
powers were used in these tests  to provide the m easured perform ance curves 
shown in Figures49 and 50, for vertical and horizontal ca r aeria ls  respectively.
In these figures mean e r ro r  ra te s  a re  plotted on a logarithmic scale against the 
corresponding relative tran sm itte r power in decibels (identical to changes in mean 
reception level). F o r comparison the non-fading perform ance is given in both 
figures and is related to the lowest e r ro r  ra te  curve in each. These perform ance 
m easurem ents were made repeatedly over a 9-month period mainly using the 
vertical ca r ae ria l, because as already mentioned it provides a reliable standard 
with which to compare changes in the existing system  o r differences with others. 
Therefore, in Figure 49 there  is a 7 o r  8 dB spread in resu lts  due to changes in 
ground and weather conditions over the period, whereas in F igure 50 this is not 
seen, as relatively few m easurem ents were made and these were all under s im ila r 
environmental conditions.
The differences in the perform ance curves are described by two fea tu res :-
(i) a la te ra l shift in tran sm itte r pcwer (or mean signal level) between 
curves due to differences in the mean signal coupling loss in each 
case. This is m ost easily  seen and m easured at high e r ro r  ra te s .
(ii) changes between curve slopes, at low e r ro r  ra te s , due to the 
different size and distribution of signal fluctuations in each case.
These two features a re  re fe rred  to as shift and slope, respectively, and a re  used in 
Table 3 to characterise  each perform ance curve. The m easured shift values a re  
related  to the best 3VI curve and the slope figures to changes in e r ro r  ra te s  by a 
factor of 10. Interestingly, Table 3 shows that both 7VI and 7HA have slopes distinctive 
of perform ance under Rayleigh fading conditions, as is expected from  the previous 
analysis of the corresponding signal variations (section 3 .3 .2 ). The slope fo r 7HT 
is a straight line extrapolation of the m easured values which probably gives an over 
estim ation, since with signal variations s im ila r to 3HA (see F igure 31) a 6dB slope
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SHIFT is related  to best 3VI curve
SLOPE is m easured for factor of 
10 change in e r ro r  ra te
4 Spread over 9-month period 
* Change along curve
)( From  straight line extrapolation of resu lts  
Table 3 C haracterisation of Perform ance Curves
would be expected. Strikingly, 3HT gives perform ance very near to the non-fading 
case. However, as this table highlights, horizontal aeria l perform ance varies 
from  being considerably better than the vertical aeria l when close to the feeder, 
travelling towards the receiver (3HT) to being about 10 dB worse (in tran sm itte r 
power for a given e r ro r  rate) in the opposite direction further from the line (7HA).
Indicated by dotted lines in Figure 49 is an important possible trend  noted in 
7VI te s ts , where the e r ro r  rate tended towards a minimum value of around 1 in 10,000. 
This behaviour is thought to be caused by the appearance of one o r  m ore very deep 
nulls where perhaps complete signal cancellation occurs. In such cases once the 
mean signal level is ra ised  well above the noise then further increases will only 
slightly reduce the quantity of e r ro rs  occurring. T heir existence could, th erefo re , 
severely lim it perform ance, which is a point dealt with further in the next chaper. 
However, this behaviour and hence the existence of very deep nulls appeared 
transito ry  in nature (possibly caused by passing vehicles when already in a deep 
null)', with this limiting behaviour being only m easured once and even then it was not 
repeatable. The flow of traffic along the road during m easurem ents was fa irly  light 
being on average about 1 o r 2 p e r te s t run.
Configuration Shift(dB)
Slope
dB
3VI 0 to -4^ 6 to 7*
7VI -13 to -16 10
3HT 44 2 to 3*
3HA -4 5 to 6*
7HT -17 8*
7HA -23 10*.
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A detailed examination dem onstrated that vehicle speeds up to 20 m .p .h .
(9 ms at either 3 o r 7m  separation from  the feeder have no noticeable effect
on the data e r ro r  ra te . It was not possible to check this at g rea te r speeds for
81safety reasons at the present experim ental site . A previous b rie f check had 
indicated some deterioration in perform ance from  faste r moving vehicles but
this m easurem ent was la te r  found to be inaccurate due to poor resolution in the
57 79m easurem ents at the higher ca r speeds. However, Hirade and Arredondo
show that under Rayleigh fading conditions normal vehicle speeds do not affect
the e r ro r  ra te  behaviour, generally, except at exceptionally low probabilities of
e r ro r . This will need investigating further when, in the future, a  location suitable
for these higher speeds is available.
4 .3 .3  Comparative Tests
To gauge the effect of a change in te s t vehicle a few comparative data transm ission  
m easurem ents were made by substituting a Mini van for the Simca as the te st vehicle. 
F u rth er, in addition to testing its perform ance at 40 MHz, m easurem ents were also 
made in the mobile radio band at 80 MHz, identical equipment arrangem ents being 
used in both cases (as in Figure 41), with f. s .k . transm itted at 100 kbs \  These 
m easurem ents were made only at full tran sm itte r power (250 mW) and used only the 
centre roof mounted aeria l.
At 40 MHz travelling close to the feeder (3VI) no data e r ro rs  were rece iv ed ,-  
whereas further away (7VI) an e r ro r  ra te  just over 1 in 10,000 was obtained.
Compared to using the Simca van this 7VI perform ance is w orse, which confirms 
expectations gained from the differences in signal distribution shown in Figure 30.
At 80 MHz data e r ro rs  occur at about the same ra te , of 1 in 10,000, fo r both 
3 and 7m  vehicle separations from  the line. This is perhaps surprising  since the 
mean signal level is 8dB higher when travelling closer to the feeder (Figure 40). 
However, there are  many deep nulls at this frequency (see Figure 38) with their, 
size being g rea te r, generally, at 3m compared to 7m separations.
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F urther work is needed in this a rea  before firm  conclusions can be reached 
regarding the general affect on the overall system  perform ance resulting from 
changes in vehicle shape and size o r  using this higher operating frequency.
4 .4  General Perform ance
Having established the perform ance of the experim ental layout the resu lts  are  
extended to provide general predictions for expanded leaky feeder system s. 
Ih rticu lar attention is given to the likely worst case perform ance in a 6 km 
arrangem ent. However, f irs t the perform ance prediction method is checked 
against m easured resu lts , to substantiate its viability, before expected e r ro r  ra tes  
for la rg e r system s a re  given.
4 .4 .1  Prediction Method
The re c e iv e rs  non-fading e r ro r  ra te  perform ance given in section 4 .2 .3  can 
be rew ritten  a s :-
Pe (s) = 0.5 erfc
(where s is signal level and N the noise power). If the signal level probability density 
distributions (p.d. d. fs) given in Chaper 3 are  denoted here as. P (s/s) (where s is the 
mean of s) then the average e r ro r  ra tes  (P'e) for the fading cases (per run) can be 
predicted using:-
„ /  2 f + 0.3 exp
2
w  j _ y - s
i 2N /  . 2N
o o
Pe (8) = P (s) • P (s /I)  dsG
(assuming that s does not vary noticeably during bit periods and that distortion o r  
inter symbol interference effects are  insignificant).
This integral was evaluated num erically for each p. d. d. to give the perform ance 
predictions shown in F igures 51 to 53, which are  curves of e r ro r  ra tes  versus - 
tran sm itte r power (or mean signal level) for different vehicle separations, ae ria l 
locations and operating frequencies. The m easured e r ro r  ra tes  in each case are  
also plotted in these figures and are generally in very good agreem ent with the 
corresponding prediction (differences are  normaUy within prediction accuracy of 
i  2 dB).
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However, in the 7HT case (Figure 52) the calculations are  not extended beyond 
e r ro r  rates of 1 in 1,000 because they then become grossly inaccurate due to 
inadequacies in the m easured p. d. d. at low signal levels (fades are  then below the 
front end noise level of the detector, due to using reduced tran sm itte r power). In 
this case, a straight line extension through the m easured points (as shown in 
F igure 52) should provide a pessim istic perform ance forecast, being m ore likely 
to follow a curve s im ilar to that shown for 3HA.
When very deep nulls occur in the received signal the predictions can be over 
optim istic for low e r ro r  ra tes  ( <  1 in 10,0.00), as is noticeably the case with 
the calculated perform ance for full tran sm itte r power at 80 MHz (see Figure 53). 
This could be due to frequency selective fading occurring in the nu lls , although it 
is thought m ore likely to be caused by insufficient signal samples being taken to 
characterise  adequately the very deep fades. As these nulls a re  sharp and very 
narrow  spatially, only a few data e rro rs  resu lt from th e ir occurrence at high mean 
signal levels, but as these are  likely to be the only e r ro rs  if they a re  unaccounted 
fo r in the prediction it will seriously im pair the accuracy of the calculated low “ 
e r ro r  ra te s . However, at low mean signal levels the data e r ro rs  that occur in the 
’’uncharacter is ed" depth of the large fades account for a very sm all proportion of 
the total e rro rs  that occur in the rem ainder of the vehicle run, and therefore , if 
om itted, make little difference to the predicted high mean e r ro r  ra te . Typically, 
at full tran sm itte r power the very deep nulls are  down in the rece iv e r’s front end 
noise for only a few centim etres of vehicle travel (this is for ^ 1 0 - 5 0  ms at 
5 m .p .h . ca r speeds). Therefore, as an approximation in these cases it is assum ed 
that half the data received in the nulls is in e r ro r ,  which for a single very deep fade 
over a 200m run resu lts in an overall mean e r ro r  ra te  of around 1 in 10,000. This 
is the perform ance level m easured under severe fading conditions. However, in 
these circum stances it is important to note that in forecasting for la rg e r system s, 
with consequently higher e r ro r  ra tes  (for same tran sm itte r power), the norm al 
prediction method used here will become m ore reliable.
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4 .4 .2  Expanded Systems
Having substantiated the predicted perform ance and established reasonable 
confidence in forecasting outside the tested region, it is now possible to predict 
mean data e r ro r  ra tes expected in expanded layouts. Of particu lar concern here 
is a 6 km system , where the poorest perform ance is likely when the transm itting 
vehicle is furthest along the line (3 km from receiver in Figure 1) and at maximum 
separation from the feeder (15 m). The severest environment then likely to be 
encountered would probably be sim ilar to that existing in the experim ental layout, 
with many vertical m etallic structures near the line. Therefore, predicting the 
perform ance from the 7VI curve in F igure 51 should give the data e r ro r  ra te  expected 
in the worst possible operating conditions. If the repeaters needed in this sytem are  
located 200 m apart (giving minimum worst case system  noise figure -  see Appendix B) 
then they will reduce the received s .n . r .  by 6 dB compared to that in the experim ental, 
7VI, layout. Also increasing line separation from 7 to 15m resu lts  in a fu rther 6dB . 
drop (assumes vertical ca r aeria ls  are  used). Therefore, overall the 7VI 
perform ance (shown in Figure 51) will degrade by 12 dB in the m ost adverse operating 
areas possible in the 6 km system , giving e r ro r  ra tes  of about 3 in 10,000 when 
vehicles are  in this region. This could be slightly improved if the rece iver bandwidth 
were to be reduced to 100 kHz (optimum) and might also be better under favourable 
ground conditions.
If, instead, horizontal ta il ca r aeria ls  are  used in this system  then the perform ance 
would generally degrade further to e r ro r  ra tes of 1 in 1,000 (see Figure 52). However, 
if the ae ria lTs directional advantage is used (by only driving vehicles towards the 
receiver) then e r ro r  ra tes better than 1 in 10,000 should be achievable. This assum es 
Rayleigh fading at 15 m separation but if the directional ae ria l is s till effective in 
reducing signal fluctuations at this distance then even lower e r ro r  ra tes  should resu lt.
At 80 MHz the expected worst case mean s .n . r .  received in the 6km  system  
drops by slightly m ore than 12 dB, compared to that in the experim ental layout, due 
to increased cable attenuation at this frequency. Therefore , mean e r ro r  ra tes  of 
around 1 in 1,000 should be achievable (see Figure 53) in the severest vehicle 
locations. However, further study is required before confident predictions can be 
made for operation in this mobile radio band.
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In general it would appear that the experim ental environment provided a 
severe te s t of the system , in practice it being unlikely fo r operating a reas to be 
encountered which provide g rea te r fluctuations in signal level. However, for 
every additional pole o r signpost existing near the line mean e r ro r  ra tes  a re  only 
likely to r is e  by a factor of 1.25 when travelling close to the feeder and 
substantially less when further away. If alternatively all the vertical structu res 
were reasonably fa r  from  the feeder in the worst case operating a reas then a 
dram atic improvement in perform ance should be obtained.
If lower data ra tes were to be used, say 4. 8 o r 1 .2kbs *, then with the 
receiver bandwidth correspondingly adjusted (BT = 2) the perform ance would 
improve by 13 and 19 dB respectively. Therefore, the poorest e r ro r  ra tes  which 
should then occur would be just over 1 in 100,000 for 4. 8kbs * and around 5 in
1000,000 for 1 .2kbs * data speeds. These are  enormous improvements over that 
normally expected in mobile radio system s.
4 .5  Analysis of Data E rro rs
To provide improved perform ance and g rea te r reliability  in data transm issions 
it is common to employ some form of e r ro r  control coding. The m ost appropriate 
type .for use in the buried feeder system  is gauged from  an analysis of the e r ro r  
patterns obtained under the various operating conditions. However, the analysis 
is restricted here because of the relatively slow speed digital cassette  reco rd e r 
available for storing resu lts . Consequently, as discussed in section 4 .1 , data 
e r ro rs  were monitored in blocks of 12 m s with only sum m arising details concerning 
each block being recorded. The stored information is sufficient to indicate the 
general type of coding needed in these system s. However, g rea te r detail will be 
necessary  to design the specific coding form at required to optimise perform ance.
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4 .5 .1  Analysis
To analyse the e r ro r  pa tte rns, histogram s have been compiled of both 
"E rro r  Block Size" (EBS) and "Time Between E rro rs "  (TBE) for each vehicle run 
of 200m. EBS is the group of data e rro rs  occurring between subsequent e r ro r  
free samples (12ms blocks), as illustrated in Figure 43. TBE is the tim e interval 
between the s ta r t of one sample period and the f irs t e r ro r  occurring thereafte r, 
again as illustrated in Figure 43. To display the histogram s conveniently the 
categories and quantities in each are  scaled logarithm ically, perm itting the whole 
range of EBS’s and TBE's to be seen without loss of detail. The quantities in each 
category have also been norm alised to the total data transm itted  in each corresponding 
vehicle run. Typical histogram s a re  shown in F igures 54 to 56 for EBSTs and 57 to 59 
for TBE’s. They are  grouped together here,, in threes o r fours, in o rder to highlight 
the effects due to changes in transm itte r power (mean signal level) o r  vehicle speed.
4 .5 .2  Observations
Generally, the characteristics of the histogram s are  indicative of the 
prevailing fading conditions, with data e rro rs  occurring in bursts in the signal nulls. 
When the tran sm itte r power is reduced the bursts increase in size and new'ones also 
occur(mainly less than 10 e r ro rs  long) in fades which were previously well above the 
noise level. Correspondingly, with a drop in mean signal level there is a tendency 
for TBEfs to lessen as e r ro r  bursts become m ore frequent. However, a fairly  
constant feature of the TBE histogram s is the ir flatness over the range up to 6 m s.
The e r ro r  rate  within a sample is usually the inverse of the appropriate TBE. 
Therefore, the uniformity in TBEfs up to 6m s indicates that e r ro r  ra tes  from  around 
1 in 10 to 1 in 1,000 are  equally distributed in ca r  runs. This is as expected from  the 
reasonably uniform distribution of very low signal levels, per car run, generally shown 
in the p. d. d. !s of F igures 25 to 28, if it is assumed as an approximation that e r ro r  
ra te , over this range, is directly proportional to signal level.
103
v
(a) 3V I 
P = -5 1 d B  v s 5 ®Ph
‘Y
N P = -41 dB
( O
0 > ]  P = -41dBP = -31dB
= -31dB,
P = -21dB
P = -lld B(b) 7VI
v = 5 mph
E = Log E rro r Block Size 
N = Log, Normalised No. of Blocks 
P = Reduction in Transmitter Power
v = Vehicle Speed
Figure 54 EBS Histograms for V ertical A erial
104
(a) 3HAP = -51dB
v = 5 mph
N
P =  -61dB
lOt -41dB
P = -51dB
(b) 3HT
v = 5 mph
(c) 7HA
P = -36dB v  = 5 mph
P = -31dB
P = -36dB
P = -26dB
Q ]  P = -31dB
0 >  P = -26dB
£  = Log E rro r Block Size 
N = Log, Normalised No. of Blocks 
P = Reduction In Transm itter Power 
v  = Vehicle speed
Figure 55 EBS Histograms for Horizontal Aerial
105
(a) 3 V I
P =  -41dB
v = 20 mph
v = 20 mphN
v = 10 mph
Oiv = 10 mph
v = 5 mph
(b) 3VT
P = -51dB
V
on . (c) 7VIv = 20 mph P =  -31dB
v = 20 mph v  = 10 mph
fO i
< > v = 5 mphv = 10 mph
v = 5 mph
(d) 7VI
P = -41dB
E = Log E rro r Block Size
N = Log, Normalised No. of Blocks 
P = Reduction In Transmitter Power 
v = Vehicle Speed
Figure 56 EES Histograms for Different Vehicle Speeds
106
P = -61dB
(a) 3VI
v = 5 mph
P =  -51dB
P = -41 dB
P = -41dB
S R P =  -31dB
P = -31dB
P = -21dB
(b) 7VI P = -11 dB
v = 5 mph
T = Log Time Between Errors in Units of 6^s
N = Log, Normalised No. of Blocks
P = Reduction in Transmitter Power 
v = Vehicle Speed
Figure 57 TBE Histograms for V ertical Aerial
107
(a) 3IIA
v = 5 mph
P = -51dB
P = -46dB
P =  -61dB
P = -41 dB
P = -51dB
(b) 3HT
v = 5 mph
T  = Log Time Between Errors in Units 
of 6yus
N = Log, Normalised No. of Blocks 
P = Reduction in Transmitter Power 
v  = Vehicle Speed 4*J*
7HA
v = 5 mph= -36dB
P = -31dB
P = -36dB
P = -26dB
P = -31dB
= -26dB
(d) 7HT
v a 5 mph
Figure 58 TBE Histograms for Horizontal Aerial
108
(a) 3VI
v = 20 mph P = -41dB
v = 10 mph
v = 5 mph
v = 10 mph
v = 5 mph
<b) 3VI
P =  -51dB
T = Log Time Between Errors in Units
of 6yUS
N = Log, Normalised No. of Blocks 
P = Reduction in Transmitter Power 
v = Vehicle Speed * v
(c) 7VI
P = -31 dBv = 20 mph
v = 10 mph
v = 20 mph
v = 10 mph
v = 5 mph
(d) 7VI
P = -41 dB
Figure 59 TBE Histograms for Different Vehicle Speeds
109
These aspects a re  clearly  shown in the vertical aeria l resu lts  given in 
Figures 54 and 57. With the tran sm itte r power reduced by 11 dB (below 250 mW) 
the 7VI histogram  provides a notable example of the distribution of e r ro rs  under 
signal fading conditions. The existence of burst e r ro rs  is shown by the TBETs 
being either very short (where high e r ro r  rates occur in nulls) o r very long (in 
between bursts), and all the EBSTs being between 100 and 1,000 in length. At 
lower tran sm itte r powers the features become less c lear, with many m ore e r ro r  
bursts occurring with increased spread in the range of their size.
Using the horizontal ca r ae ria l the e r ro r  patterns differ for the two directions 
of travel alongside the line, and also changes in these patterns are  m ore noticeable 
with increasing ca r separation than is found with the vertical aeria l. The 3HA 
histogram s are  s im ilar to those for 3VI except that both EBSTs and TBEfs tend to 
be sm aller in the form er case. This indicates that e rro rs  occur in sm aller b u rsts , 
c loser together, which is as expected from the corresponding signal fluctuations 
shown in Figure 22(a) and 23(a). F o r 3HT trav el, with the tran sm itte r power as low 
as 2 /  W (-51 dB relative to 250mW), few e r ro r  blocks occur, and fo r those that do 
the ir sizes are still fairly  sm all. The average time between successive e r ro r  
blocks is then around 50 m s. However, when the transm itte r power is reduced a 
further 10dB (to -61 dB) e r ro rs  occur in every sam ple, typically at a ra te  of 1 in 12 
b its , giving the sm all TBETs shown in Figure 58(b) (P = -61 dB). This is 
characteristic  of the perform ance expected under relative steady signal conditions. 
F o r 7HT travel the e r ro r  patterns are  very s im ilar to those experienced at 3VI for 
the same signal reception levels (taking account of the 16 dB difference in coupling 
loss between 3VI and 7HT). In the opposite direction, 7HA, the proportion of large 
EBS*s increases significantly with a corresponding rise  in the number of short TBEfs. 
This combined with the presence of some large TBETs indicates the occurrence of 
long e r ro r  bursts which are  a resu lt of the deep fading that takes place (see 
Figure 24(a)).
110
The effect on e r ro r  patterns of changes in vehicle speeds are  shown in 
F igures 56 and 54 to be sm all with no significant differences in the norm alised 
histogram s of EBS and TBE over a range of 5 to 20 m .p .h . However, e r ro r  
burst lengths will tend to reduce at the higher speeds since signal fades are  then 
traversed  m ore quickly. This feature is not highlighed in the histogram s 
because, by using constant 12ms sampling periods in the e r ro r  analysis, the 
b u rsts , being c loser together at faste r ca r  speeds, tend not all to be individually 
resolved.
4 .5 .3  Discusssion
The fairly  broad picture of the e r ro r  patterns resulting from the different 
operating conditions tested  gives some insight into the features required of an 
e r ro r  control coding schem e, if one were to be implemented. The outstanding 
characteristic  needed is the ability to cope with e r ro r  bursts whose size and 
separation depend on vehicle speeds. Even under regu lar steady signal conditions, 
using say a directional ae ria l, a fade may occasionally occur and so protection 
against e r ro r  bursts is s till advisable, although coding requirem ents are  then less  
stringent.
Generally, with vehicle speeds of 5 m .p .h . , travelling in severe fading 
conditions, the e r ro r  bursts are 'likely  to be between 100 to 1,000 in length and 
separated by at least 2 seconds (200 kbits). E rro r  ra tes  in these bursts could be 
typically 1 in 2, which means that a 2,000 bit block of data could be corrupted in a 
deep null. If the data w ere, say, arranged in 8 bit blocks then to protect it against 
these bursts it could either be sent twice, with the separation between transm ission  
being g rea te r than the ,Te r ro r  burst corrupted data length" (i.e . . >  2,000-bits), o r , 
instead, the data in each block could be interleaved with those of other blocks so 
that the separation between each block bit is again g rea te r than the " e r ro r  bu rst 
corrupted data length" (block bits would be interleaved at separations of g re a te r  than
2,000 bits). In the f irs t case, at the receive]; the block corresponding to the higher 
reception level could be taken, o r  alternatively, a simple threshold used, w here, say, 
the f irs t block sent is always accepted unless the signal at that tim e is below a p rese t 
level, in which case the la te r one would be taken. In the second case, at the rece iv e r, 
the interleaved bits are  regrouped together into their original blocks, which resu lts  in
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bursts e r ro rs  being spread out so that only single bit e r ro rs  should occur in any 
block. If coding for e r ro r  detection and correction is used in these blocks then 
data e rro rs  can be rectified. In these two strategies the maximum ca r speed, 
together with the fading ra te , sets the upper lim it on either the re transm ission  
distance o r the length over which block’s are  spread (interleaved). F o r speeds up 
to 70 m .p .h . there should be at least 10,000 uncorrupted bits received between 
burst e r ro r s ,  although this separation is likely to be much la rg e r. T herefore, 
blocks could be retransm itted , say, every 6,000 to 8,000 bits to ensure one o r 
other block is e r ro r  free . If data blocks are to be interleaved then.spreading them 
over lengths of 10,000 bits would give insufficient separation between block bits 
(separation <  2,000 bits). Therefore, a distance of 16,000 to 18,000 would have 
to be used, which means that in the very unlikely event of very closely spaced deep 
nulls occurring at high car speeds there is a chance of multiple e r ro rs  occurring 
in some data blocks. Using either of these two methods should greatly  improve the 
reliability  with which data is received in a buried feeder system .
Having just touched upon the subject of data e r ro r  control coding it should be 
s tressed  that this is a large and complex field of study mainly outside the scope of 
this work. There are  other m ore basic methods of improving the system  perform ance, 
yet to be discussed, which should be considered f irs t before finally.deciding on the 
exact detail of the coding required.
4 .6  Conclusions
Using an optimised m easuring system , with established perform ance, it has 
been shown, in an experim ental layout, that data at 100 kbs”* can be transm itted  
using 250mW from a mobile vehicle to a fixed base station via a leaky feeder with 
e r ro r  ra tes usually better than 1 in 10,000. If an omnidirectional vertical ca r 
ae ria l is used then e r ro r  ra tes  around 1 in 100,000 are  typical at 7m  separation, 
while at a distance of 3m  they are  extrem ely low, being well below 1 in 10,000,000.
At the closer distance a 6 to 7 dB change in mean signal level is necessary  to change 
the e r ro r  ra te  by a factor of 10, whereas further away it increases to lOdB, which 
is the amount expected with Rayleigh fading. If instead a directional horizontal 
ae ria l is used then, in the worst case, when travelling away from the rece iv e r, 7 m
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from  the line, e r ro r  ra tes around 1 in 10,000 occur. In the opposite direction 
(7HT) better than 1 e r ro r  in 1000,000 bits is expected, and with the ca r  c loser to 
the feeder the perform ance is even superior to the extrem ely low e r ro r  ra tes  
obtained with a v e rtica l aeria l. Of particu lar note is the 3HT perform ance which 
is s im ilar to that obtained over land line system s with only a 2 to 3 dB improvement 
in mean signal level being required to lower the e r ro r  ra te  by a factor of 10. In 
the opposite direction (3HA) the figure increases to 5 to 6dB, which is also likely 
fo r 7HT travel (although 8dB is given as the severest likely value), but for 7HA 
the figure further r ise s  to 10dB (Rayleigh fading perform ance). Using an horizontal 
aeria l the difference in perform ances fo r both directions of ca r trave l re su lt in 
50 dB m ore tran sm itte r power being needed' in the 7HA case, compared to 3HT, to 
achieve sim ilar e r ro r  ra tes  of 1 in 10,000.
The effect on the system  of changes in the surrounding ground, o r weather 
conditions, is a spread of about 8dB in the tran sm itte r power required  to m aintain 
a constant e r ro r  ra te . The shape and size of the vehicle also has some affect on 
perform ance although m ore work is needed in this a rea  before firm  conclusions can 
be reached.
It is possible occasionally to obtain very deep signal nulls where probable 
complete signal cancellation occurs. This resu lts  in the system  perform ance 
limiting around a mean e r ro r  ra te  of 1 in 10,000, without much improvement to be 
gained by increasing the tran sm itte r power. Although the occurrence of such nulls 
is r a re , th e ir  presence should be anticipated when designing a system  so that this 
possible lim iting perform ance condition is taken into account.
It has been shown that below 20 m. p. h. the vehicle speed does not affect the 
behaviour of the system , although obviously at 20 m. p. h. less e r ro rs  occur in each 
null as compared to, say, 5 m .p .h . From  the work of others it is not expected that 
ca r  speeds above this should influence the data perform ance except in regions where 
very low e r ro r  rates occur. However, this aspect needs investigating further when 
a suitable locality for such tests  is found.
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Although the tests  at 80 MHz were not comprehensive they do indicate that 
data perform ance is worse at this higher frequency than at 40 MHz, particu larly  
when the vehicle is travelling close to the feeder. Interestingly, e r ro r  ra tes  at 
80 MHz are sim ilar with the car either side of the road, due to the presence in 
both cases of many deep nulls. It may prove necessary  in the future to explore 
further the system perform ance at this and perhaps even higher frequencies, if 
channel allocations are only available there for leaky feeder system s.
It has been confidently predicted that the worst case perform ance expected 
in a 6 km system , operating at 40 MHz with f. s .k . at 100kbs \  would be a mean 
e r ro r  ra te  of 3 in 10,000 when using vertical ca r  ae ria ls . Employing instead a 
directional horizontal aeria l generally increases this to 1 in 1,000, although if 
specific use is made of its directional quality then 1 in 10,000 o r even lower is 
possible. If 80 MHz were to be used e r ro r  ra tes  around 1 in 1,000 would be 
expected. These predictions are  for the m ost adverse environmental conditions 
considered likely to be encountered, with the presence of a large number of vertical 
m etallic structu res (lamp posts, signposts etc.) close to the buried feeder. However, 
if for a given system  such structures are  not present o r are  well away from the line, 
then great improvements in these quoted perform ance figures will resu lt.
If data ra tes  of 4. 8 o r 1.2 kbs * were to be used in a 6 km system  then the 
poorest perform ance expected would be e r ro r  ra tes  of 1 in 100,000 o r  5 in 1000,000 
respectively. These are  mammoth improvements on norm al mobile radio perform ance.
F urther enhancement of the system  would be achieved by using e r ro r  control 
coding in the transm itted data. The data e r ro rs  typicaUy occur in bursts  from  
100 to 1,000 in size with long e r ro r  free transm issions in between each burst. 
Therefore, with normal vehicle speeds data blocks could be transm itted twice at
6,000 to 8,000 bit separations to ensure that at least one of the blocks is received 
e r ro r  free. Alternatively, with data grouped into, say, 8 bit blocks they could be 
interleaved with each other so that successive bits of each block a re  at least 2,000 
bits apart. This ensures that at the receiver the burst e rro rs  are  spread across, 
the regrouped blocks so that in any block it is unlikely for m ore than s ingle e r ro rs  
to occur, which can then be corrected  if blocks use coding for e r ro r  detection and
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correction. However, coding o r retransm itting data increases the channel 
bandwidth o r alternatively reduces its information capacity. Although some 
coding is usually found necessary  the introduction of too much redundancy 
could unnecessarily increase the complexity and bandwidth of the system  
whereas there a re  other methods of obtaining possibly g rea te r improvements 
in perform ance, which are  the subject of the next chapter.
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5 DIVERSITY
Various forms of diversity a re  often employed to improve the operation of
normal mobile radio system s. When transm itting data the addition of diversity is
particularly  important since it greatly enhances perform ance by significantly
reducing the effect of m ost deep fades, where long e r ro r  bursts would otherwise
occur. It is expected that an equal improvement and possibly even g rea te r benefits
could be achieved, by using diversity , in leaky feeder system s. However, nothing
has yet been published either to substantiate this o r to indicate which types are
appropriate. Therefore, it is important to establish the methods suitable for
buried feeder layouts and how much improvement th e ir  use provides. A complete
study of all form s of diversity and the different methods of combining the ir branches
at the receiver is outside the scope of this present work, although in the la tte r  case
72 80the general conclusions reached by others * should be applicable here.
Interest is restric ted  in this chapter to two promising form s of d iversity , 
frequency and directional, and studying the improvements the ir use gives to the 
data transm ission perform ance discussed previously (Chapter 4). With the already 
congested frequency spectrum  frequency diversity is commonly considered 
undesirable, because in its sim plest form it needs two channel allocations spaced 
well apart. However, this disadvantage is offset by offering, with leaky feeders, 
the use of very low transm itte r powers to send data at very low e r ro r  ra te s . 
Alternatively, directional diversity is considered here; this is a form  of spatial 
diversity unique to feeder system s. Its u ses, in its sim plest form , signal reception 
from both ends of the buried feeder. If line repeaters are  in use then either - 
separate feeders are  required (say one either side of the road) to deal with each 
direction of reception o r m ore complex repeaters a re liecessa ry .
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The perform ance of these two diversity methods is examined f irs t by 
studying the improvements in signal reception resulting from the ir use. From  
this the reduction in the data e r ro r  ra te  is predicted, in each case, fo r two 
branch diversity operation and reception switched to the channel giving the higher 
signal level. F inally, possible system  layouts are  discussed which are  particularly  
suited to the use of these types of diversity,
5 .1  Frequency D iversity
The improvement obtained from using frequency diversity is considered with 
respect to a simple two branch system , shown in Figure 60. Here data is 
simultaneously sent from two transm itte rs  which operate at separate frequencies.
At the end of the line two receivers are  used, one for each channel, and their 
outputs combined through a unit which switches data reception to the channel with 
the b e tte r signal level, although other strategies are also possible.
Vehicle
AerialData
Combining
Unit
Leaky Feeder
TX-
TX,
RX.
RX(
Data
O /P
Figure 60 Basic Frequency Diversity System
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Before considering the improvement this system  provides it is necessary  to 
determ ine what is the best frequency separation to use between the channels and 
then establish the degree of correlation between the fading patterns obtained from 
both receivers.
5 .1 .1  M easurements
To provide the required information a swept frequency tran sm itte r, range 
36 to 46 MHz, was used in the te s t vehicle with the buried feeder layout. A rece iver 
at the end of the feeder tracked this signal whilst monitoring its associated level as 
a function of both frequency (using 100 kHz bandwidth) and vehicle position alongside 
the line. These tests  were made initially with the vehicle travelling along the entire 
length of the line to provide a broad indication of the system fs perform ance in the 
frequency domain. At known areas of deep fading the m easurem ents were then 
repeated in fa r  g rea te r detail using a stationary vehicle which was moved very short 
distances along the line in between each sweep of the tran sm itte r frequency. In both 
cases only a vertical ca r aerial (centre of roof) and separations of 3 m from  the line 
were used.
The resu lts  of the tests  show that generally at 3m  separation the signal 
variations over a 10MHz bandwidth, centred at 41 MHz, are  less  than 10 dB and 
broadband in nature. However, detailed studies in the vicinity of interfering signposts 
and lam p-posts revealed typically the behaviour shown in Figures 61 and 62, which 
a re  for deep and shallow null localities, respectively, at 40MHz. The figures give 
a three dimensional display of signal amplitude versus frequency as a function of 
vehicle movement alongside the line. They show that a typically large null, at this 
separation, is around 2 MHz wide and 30 dB deep in the frequency domain and occupies 
about 0 .5 m spatially. These widths are  unlikely to change for deeper fade's. There 
are  also sm aller nulls of depth about 10 dB and width around 0.5 MHz which generally 
occupy less than 0.5 m spatially.
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To clarify the resu lts with the vehicle in the vicinity of a nearby signpost 
the signal variations against vehicle position at four tran sm itte r frequencies are  
plotted in Figure 63. F o r clarity  these plots a re  here displaced from each other 
in 10 dB steps. This figure highlights that the fades not only change th e ir  depth 
noticeably at different frequencies but that the ir spatial position also a lte rs .
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5 . 1 . 2  D iscussion
In Chapter Three it is shown that, when the ca r is close to the feeder, large 
fades are  directly attributable to nearby vertical posts. These localized reflecting 
points cause corresponding deep nulls in the frequency domain to be wideband, 
having widths of 2 MHz. In simple term s it can be argued that at g rea te r distances 
from  the line significant reflections come from  many different points, giving a 
spread in the time delays over the various paths which contribute to the resultant 
signal coupled to the feeder. Under these multipath, Rayleigh fading, conditions 
the signal nulls should, therefore, be narrow  band. Although this may be an over 
simplification because the ca r is always close to the cable and the in terfering posts 
a re  comparable in size to the signaPs wavelength, also significant coupling to the 
line occurs over long lengths of the feeder, nevertheless, it appears extrem ely 
unlikely that the system fs coherence bandwidth will increase as the vehicle gets 
further from the line. Therefore, a suitable separation in tran sm itte r frequencies 
for a two branch diversity system  would be around 3 MHz.
The advantage in using this diversity  method is enormous when travelling close
to the feeder, as Figure 63 shows, since when one channel experiences a deep fade
the other one can be receiving a good signal, 30 dB higher o r much m ore if it is a
very deep null. Generally, even when nulls are  coincident in both channels the ir
minimum signal levels are  unlikely to be identical, although even if they were the
same an improvement in s .n . r .  is still gained with certain  form s of channel combining.
Small changes in fade depths are  particularly  important with data transm issions since
they will improve significantly the overall e r ro r  ra te . Using frequency diversity  also
72serves to minim ise random frequency modulation in the received signal • (with 
reduced fluctuations in amplitude and phase in the combined channel), th is is 
particularly  important when very deep fades occur in either channel, and resu lts  
in lower irreducible e r ro r  ra tes for the diversity system .
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5 . 1 . 3  Performance
The benefit of applying frequency diversity  to the experimental layout has 
been briefly discussed and from the corresponding m easurem ents only typical 
perform ance examples have been given. However, considering all the collected 
resu lts it is possible to predict the data transm ission perform ance for a two branch 
frequency diversity system , of say 6 km in length. If the layout used the combined 
arrangem ent of Figure 1 and 60, then the worst vehicle locality (from where it is 
pred icted  the lowest mean s .n . r .  will be received) is 3km from the rece iver and, 
say, 15m from  the line, at which point both channels should experience Rayleigh 
fading. A channel separation of around 3 MHz should ensure that the fading in both 
branches is uncorrelated. Therefore, from  the work of o t h e r s ^ * i t  is ' 
estim ated that when using frequency diversity  in a 6 km system  the vehicle*s 
tran sm itte r power can be reduced by 17 dB to about 5 mW and s till ensure that the 
mean e r ro r  ra te  in the received data does not exceed 1 in 10,000. Conversely, 
with transm itted powers of 250 mW the maximum system  e r ro r  ra te  would fall to 
nearly 1 in 1000,000. These are  the w orst case perform ance figures so in general 
e r ro r  ra tes should be much better than this.
5. 2 Directional Diversity
The improvement in perform ance obtained from using directional diversity  in 
the buried feeder system  is now examined. The sim plest arrangem ent required to 
gain this type of diversity is shown in F igure 64(a), where separate rece ivers  are  
placed at each end of the line to detect the coupled signals in both directions. The 
twin line is another possible layout where receivers are  positioned at opposite ends 
of individual feeders which are  laid either together o r , as shown in F igure 64(b), 
separately each side of the road. In both these arrangem ents the two rece iv er outputs 
a re  combined (by switching data reception to the cable end receiving the higher signal 
level, although again other strategies are possible) to provide diversity  reception.
The twin line layout may be sim pler to use in a repeated system  and it has the advantage 
over the single line of gaining a spatial diversity  improvement when both feeders are 
buried well apart. However, its perform ance was not investigated because of the ex tra  
tim e and expense required to adapt the existing experim ental system  by burying a
1 2 2
second cable. Attention was instead concentrated on the single line layout with 
its diversity enhanced perform ance being used to indicate the general advantages 
of employing directional diversity in any feeder system .
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Figure 64 Basic Directional Diversity Systems
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It m ust be emphasized that the benefit in using directional diversity  is not 
p rim arily  dependent on the directionality of ca r aeria ls . It is shown here that 
when using an omnidirectional aeria l in a system  employing this form of diversity 
a signficant improvement can s till be obtained over non-diversity operation. 
However, using a directional aeria l is likely to further enhance this perform ance 
since its advantage over the omnidirectional ae ria l, of much bette r reception when 
transm itted  power is directed along the line towards the rece iver, can then be 
gained in both directions of ca r travel along a road.
Directional diversity perform ance was examined initially by studying the 
correlation between the fading patterns received simultaneously at each end of 
the experim ental line. From  the resu lts  of this work the benefit of using this 
diversity  method was calculated.
5 .2 .1  M easurements
To provide the correlation information, m easurem ents were made with a 
sim ilar arrangem ent to that shown in F igure 64(a), using an analogue reco rd er 
to note the signals received simultaneously from both ends of the feeder. Tests 
were made on the existing buried line with both the vertical and horizontal car 
aeria ls  in use (transm itter frequency and output power were kept unchanged at 
4 0 MHz and 250mW respectively). Results were recorded for vehicle trav e i, at 
3 m separation only, alongside the entire length of the feeder and in g rea te r  detail 
around known deep signal fade locatities.
Typical resu lts  when .using a vertical ca r aeria l are  shown in F igures 65 and 
66. Signal fluctuations simultaneously received from each end of the line as the 
vehicle travels alongside the feeder are  displayed in traces (a) and (b) of F igure 65 
(vehicle position in this Figure is given with respect to only one end of the line). 
With these two signals combined, by switching continually to the rece iv er with the 
higher signal level, the resultant reception then improves to that shown in trace  (c). 
G reater detail is given in Figure 66 of the spatial relationship between deep fades 
experienced at the two receivers when the vehicle is in the vicinity of a nearby 
signpost. Plotted here is the variation in signal level at each end of the cable as
124
o o o
0 5
o o  m t- oin oo05
o
in
cq
o
o
&S
ft
£
O
ft
ft
ftoI—<
w
ft>
o
in
bo
.5rCa
33.
• ^
fS >> 
a> rQ
5  g  '•sCO >73 
© S<u os
-M
ra-d, •
&»- 2I ° §© fl •—I
o «.n-t •■-> M•£ © Cj ©< ,CJ
O © %>
••-> O  *>3-£ © pd
W L| _,
•*-4
§ 1 !
1 1 * s, |  ®
5 o S
I I
e
*0
0!aS_—
cS ov—'■ '
© a)o oaS aS
U u
ft ft
aSo•HeE->
in«o
©M
S
f t
125
the vehicle moves slowly past the signpost. As indicated in this F igure, the signal 
null at one end was found to vary in depth with repeated m easurem ents, due to 
sm all changes in the surrounding environment affecting the stability of complete 
signal cancellation.
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Figure’ 66 Typical Directional Diversity Advantage During a Deep Fade
Using the directional horizontal aeria l typically provided reception at each 
end of the line as shown previously in Figure 23. Signal variations at opposite 
ends now depend on the direction in which the vehicle travels. When reception 
from  one receiver is typified by trace  (a) (Figure 23) then reception from  the other 
will be typified by trace  (b) and vice versa. Therefore, by combining reception a 
good steady signal level would be obtained in both directions of vehicle travel.
126
The directional diversity advantage is readily apparent when using horizontal 
ae ria ls , but because it is not so obvious with vertical aerials the following sum m ary 
of the improvements is given for this case. Only 15% of the fades (10*dB o r  g rea te r 
. in size) experienced at one end of the line coincide, within 20 cm of vehicle trav e l, 
with those at the other end. Of the remaining 85% the typical spatial separation 
(or required vehicle travel) between corresponding nulls received at opposite ends 
of the cable is 60 cm, which corresponds to a difference of around 5000 data bits 
at 30 m .p . h. With reception combined the resulting nulls would then be improved, 
both in signal level and fade depth, by on average 8dB. This is probably a pessim istic  
figure because some of the deep nulls were "buried” in the rece iv e r 's  front end noise.
5 .2 .2  Discussion
These resu lts  dem onstrate the noticeable improvement provided by using 
directional diversity. With a vertical ca r aeria l in use the signal at each end of 
the feeder fluctuates over 40 dB in level (Figure 65(a) and (b)V, but by combining 
the two signals this is reduced to a maximum of 20 dB (Figure 65(c)). This 
combined signal also has about a 5 dB higher mean level than individual reception 
from either end. This improvement resu lts  from both a reduction in signal fluctuations 
and also from effectively less line attenuation, since with reception at both ends of the 
cable the mean line loss in the combined signal should be approximately halved, which 
is a specific advantage of this type of diversity. If an horizontal aeria l is used then 
an enormous improvement in diversity reception occurs, since by combining signals 
from both ends of the cable a very steady signal is received (see F igure 23(b)) 
irrespective of which direction the vehicle travels along the road. The mean level 
is also about 2dB higher than that using diversity reception from  a vertical ae ria l.
Figure 66 shows that even when deep signal nulls occur at both ends of the 
feeder nearly simultaneously, there is s till a significant advantage (over 20 dB here) 
in combining reception from both ends. If both fades were coincident then, as 
Figure 65 shows, it is extrem ely unlikely that they will be identical in depth and 
spatial width. Therefore, in combining reception not only am these null depths 
reduced but also the fading is less  sharp. This broadening of the nulls reduces the 
rapid amplitude and phase variations which can otherwise cause significant distortion
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to the f. s .k . signal resulting in a noticeable irreducible e r ro r  rate  with a fast 
moving vehicle.
Specific directional diversity perform ance m easurem ents have not yet been 
made at vehicle distances from the line g rea te r than 3 m. However, in using the 
horizontal ca r ae ria l at 7 m separation the perform ance is known,being typically 
. as shown in trace  (a) and (b) of Figure 24. Fading is clearly uncorrelated between 
these traces and therefore diversity reception will greatly  improve perform ance 
in this case. At g rea te r separations the differences between reception from  vertical 
o r  horizontal ae ria ls , in term s of fading, becomes less noticeable as the la tte r  loses 
its directional advantage. With the vertical aeria l in use then fo r ca r separations 
from  the‘feeder of in terest here (up to 15 m) sim ilar reception occurs at opposite 
ends of the line. However, in general the signal nulls at each end a re  unlikely to 
occur simultaneously, o r  to be equally as deep, since it is improbable that interference 
signals caused by the surrounding vertical structures would be identically coupled to 
the feeder in both directions (in the coaxial mode) as Figure 66 shows. Hence, over 
the likely range of ca r  separations from the feeder s im ilar improvements would 
resu lt in data transm ission  perform ance when using directional diversity  reception.
5 .2 .3  Perform ance
Consideration is now briefly given to the improvement in data transm ission  
perform ance of buried feeder system s when directional diversity is used; Suitable 
system  layouts for diversity operation are  dealt with la te r , but it is sufficient to use 
here the arrangem ent shown in Figure 1 and to consider diversity reception as being 
obtained, effectively, at opposite ends of each feeder section between rep ea te rs . In 
this layout the worst operating area  will be when the vehicle is furthest from  both 
the line and the base station. F o r a 6km system  this position would be, effectively, 
around 3 km from  the base station and, say, 15 m from the feeder. In that case the 
signal fluctuations received at both ends of the repeater section should follow a 
Rayleigh distribution, assuming posts o r  other reflecting structures are  in the 
vicinity (i.e . severe operating condition). If the two signals were uncorre la ted r as 
for frequency diversity , a 17dB improvement in perform ance should resu lt. However,
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as already mentioned, with this type of diversity by combining reception from  
opposite ends of the cable the resultant s ig n a ls  mean level should r is e  since, 
effectively, it experiences less line attenuation; theoretically half the line loss 
between repeaters. Therefore, with repeater separations of around 200 m it 
should be possible to transm it just over 1 mW and still achieve maximum e r ro r  
ra tes of 1 in 10,000. However, the resu lts  indicate that signals from opposite 
feeder ends will be partially  correlated , as Figure 65 shows. If it is therefore 
assumed that in the combined reception signal fluctuations are reduced to less than 
20dB fades, as was found to be typical and is also shown in Figure 65, then this 
would mean (with reference to F igures 26 and 30) that the required perform ance 
could still be m et using Im W  tran sm itte r power. Being pessim istic , if these 
fluctuations were decreased to only less  than 30dB nulls, then to achieve this e r ro r  
rate the transm itte r power would need to be increased to around 25 mW.
If a directional aeria l is used on the ca r, which radiates towards the feeder 
in both directions of travel, then directional diversity perform ance should be much 
bette r, although this should also be true for both frequency diversity  and non-diversity 
operation.
5.3 D iversity System Layouts
The basic layout for a 6 km feeder system is shown in F igure 1. If diversity  
operation were to be added then it may require changing the system  to suit the 
particu lar needs of the diversity technique employed. F o r those form s of d iversity  
examined here three main layouts are  proposed. Although they a re  presented in a 
form suitable for the 6 km system  they could be adapted to m eet m ost prospective 
u s e rs 1 needs.
F irs tly , the Uniline configuration shown in Figure 1 could be used with simple
4
two branch frequency diversity operation, provided extra car tran sm itte rs  and 
associated receivers at the base station were used, as shown in Figure 60 (two 
mobile transm itters  and two base receivers are  required for each independent 
vehicle link to the base). Repeater bandwidths need to be wide enough to cope with 
the large separations between corresponding channels necessary  to give uncorrelated
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fading over both branches. If instead directional diversity operation were to be 
employed in this Uniline system  then a repeater of the form shown in F igure 67 
could be used. This repeater amplifies coaxial signals travelling towards the 
receiver in the usual way (using am plifier "A" in Figure 67). In addition, it also 
amplifies coaxial signals travelling in the opposite direction (using the directional 
coupler and am plifier MBtT in Figure 67) and converts their frequency (most likely 
down) to a suitable value before sending them back towards the receiver. Therefore, 
as the vehicle passes between repeaters the base station receives two signals, 
effectively one from  each end of the feeder section over which the vehicle is travelling.
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When it passes from  one feeder section to another there may be interference 
between signals coupled either side of the repeater. This fading should be no 
worse than is likely in the non-diversity case and provided there is no correlation 
between the nulls at both frequencies it will not present a problem. As shown in 
Figure 67 these repeaters need a directional coupler to separate the two transm ission 
paths and they will also probably require filters  to be added in the appropriate paths, 
although they are  not shown in this figure. These repeaters would be m ore expensive 
than those used in the basic system  but with increased reception levels resulting 
from their use, th e ir  separation could be alm ost doubled.
Another proposed configuration is shown in Figure 68. In this Biline system , 
cables with repeaters are  placed on both sides of the road, each in a s im ilar layout 
to the Uniline system . However, with the Biline arrangem ent, by operating 
repeaters in one feeder in the opposite direction to those in the other, as Figure 68 
shows, signals from  opposite ends of the lines (at w and x together with y an z in 
F igure 68) can be combined to provide directional diversity without the need for 
using special types of repeaters . It is now necessary  to provide a link from  the fa r  
end of the line (at x and y in Figure 68) back to the rece iver, which could be by 
separate cable o r, as shown in Figure 68, by converting the signal down into a 
frequency band transparent to the repeaters so that the converted signal can be sent 
back along the feeder. In either case differential time delays between signals 
effectively received from  opposite ends of the two lines could cause problem s, 
depending on the size of delay which is related to the system  length. F o r the 6 km 
system  the delay varies up to about 20yUS, with this maximum occuring when the 
vehicle is near the receiver end of the line. This is a significant differential delay 
when data is sent at 100 kbs * which m ust be compensated for at the rece iver before 
combining the two signals. This is a severe disadvantage as it would greatly 
increase the complexity and-thus the cost of the system . To partly  offset this 
ex tra  expense, the installation costs of such a system  could be nearly  halved by 
co-locating the pa ir of feeders on one side of the road, using a bicoaxial leaky feeder 
(which is cheaper than two separate feeders). However, this arrangem ent would 
lack the spatial diversity advantage obtained from spacing the lines on opposite 
sides of the road. Also the maximum separation of the vehicle from  the bicoaxial 
feeder would be doubled. Thus there would be a 6 dB penalty in mean signal level 
when colocating the two lines. This would only be important if data transm issions
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at exceptionally low e r ro r  rates were required, otherwise the savings with a bicoaxial 
system  would be m ore attractive. In either case the repeaters in both lines should 
be positioned adjacent to each other, as shown in F igure 68. This would ensure that 
the lowest mean reception level in the combined signal would occur when the vehicle 
is midway between repeaters and, therefore, would allow the repeater separations 
to be double that used in the basic system . Hence, overall, about the sam e number 
of repeaters would be required for this Biline arrangem ent as are needed for the 
non-diversity system .
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An alternative layout fo r the Biline system  is shown in F igure 69, where 
repeaters in both feeders now operate in the same direction. This not only excludes 
the necessity for frequency converters at, o r  link cables from , the fa r  ends of both 
halves of the system , but it also elim inates the problem of differential tim e delays 
between the signals received over the two lines. This Type B Biline system  is , 
therefore, simplified in term s of equipment requirem ents compared with the other . 
two proposed diversity layouts. The advantages are obtained at the expense of loss 
of directional diversity , since signal reception is now in the same direction in both 
lines. However, the separated feeders s till give the system  spatial d iversity  and 
improve the combined signal* s mean level by about 6 dB, as discussed fo r the Type A 
layout (maximum ca r separation from both feeders is half that from  the single line). 
Spatial diversity advantages with feeders have not yet been specifically m easured
Track
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Figure 69 Biline System -  Type B
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but a re  expected to provide improvements in perform ance sim ilar to those 
obtained using directional diversity. In the Type B layout the repeaters in one 
line are  located halfway between those in the other, as Figure 69 shows. The 
lowest mean reception level then occurs, again, when the ca r is midway between 
repeaters in opposite lines, which enables the repeater separations in each feeder 
to be double that in the basic system . Hence, again, about the same num ber of 
repeaters are  required in this Type B arrangem ent as are  used in the non-diversity 
layout.
Frequency diversity could be employed in the Biline system  but it is unlikely 
to improve perform ance sufficiently to the extent which would make it feasible to 
provide this ex tra  complexity. In the other diversity system s discussed h e re , 
complex receiver equipment is needed to select and/or combine the four possible 
incoming signals (two from each half of the system) to provide a highly reliab le 
output data stream . Having a double diversity  system  (say frequency and spatial) 
would.result in twice as many signal branches to be handled, probably without 
greatly improving the received data e r ro r  ra te .
Before firm  recommendations could be given on the type of system  layout 
which would be required for a particu lar application a system  design would be 
necessary  relating to the individual case. However, it is possible to generalize 
by concluding that should it be necessary  to improve a system ’s perform ance by 
adding diversity , then for sm all to medium length layouts a Type B Biline would 
be suitable, as it is the sim plest to implement. Whereas for longer o r m ore complex 
system s the Uniline configuration with diversity  repeaters may be m ore appropriate , 
since the extra equipment costs could then be offset by a reduction in outlay for 
cables and installation work. If in either of these cases a further improvement in 
perform ance were required then either a Type A Biline system  o r two Uniline 
system s using directional rep eaters , one on each side of the road, may be used.
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The use of frequency diversity in feeder system s depends upon the 
availability of bandwidth and the required channel spacing within the already 
congested frequency spectrum . If leaky feeder system s were provided with 
their own designated frequency bands, o r  the ir exceedingly low interference 
potential were acknowledged by the licensing authorities then it is certain  that 
frequency diversity operation could be implemented successfully. Otherwise it 
is doubtful whether the required channel allocations could be obtained.
5 .4  Conclusions
From  a b rief study of two promising form s of diversity it is seen that the ir 
use in buried feeder system s would be extrem ely beneficial. They would greatly 
enhance the data transm ission perform ance o r alternatively perm it much lower 
transm itte r powers to be used.
Swept tran sm itte r m easurem ents show that when the vehicle travels close to 
the feeder the received signal variations a re , generally, both broadband and shallow 
in the frequency domain. However, when in the vicinity of vertical s tructu res near 
the line, these fades become narrow er, being about 2 MHz wide, and deeper, having 
depths around 30 dB. The coherence bandwidth of the system  will decrease at 
g rea te r separations where Rayleigh fading reception is evident. Therefore, it should 
generally be adequate to operate a two branch frequency diversity feeder system  
with separations between corresponding channels of about 3 MHz. If implemented 
in the 6 km system  the vehicle tran sm itte r power could be lowered 17 dB to around 
5mW and still achieve the maximum required e r ro r  rate of 1 in 10,000 in the 
poorest operating areas in the system . Alternatively, if 250 mW were used then in 
these adverse regions e r ro r  ra tes would be nearly  as low as 1 in 1000,000, being 
much better elsewhere.
Sim ilar reception is obtained at opposite ends of the feeder when vertical ca r 
aeria ls  a re  used, although m ost fades do not occur at both ends simultaneously and 
those which do generally differ in the ir width and .depth. Therefore, by combining . 
the signals from the two ends for directional diversity operation the resulting fade 
depths and their sharpness reduce significantly (a typical feature of d iversity  operation
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in general). These sm aller nulls combined with the, effectively, lower signal 
attenuation, due to reception at opposite ends of the line, ra ises  the mean level 
of the' combined signal. The broadening of the fades reduces distortion which 
could otherw ise, in severe conditions, set an appreciable lim it to the data e r ro r  
ra te . When the vehicle travels close to the line directional diversity  reception 
reduces signal fluctuations to around 20 dB and increases the mean signal level 
by about 5dB. At increased distances the improvement is expected to be s im ilar, 
but has yet to be m easured. Us ing the horizontal aeria l is particu larly  advantageous 
when travelling close to the line since with diversity  operation the reception is 
excellent whichever direction the ca r  is moving. F u rther from  the feeder, however, 
this aeria l position loses its directional advantage, resulting in diversity  reception 
which is likely to be lower in quality than that obtained from the vertical aeria l.
This disadvantage could be overcom e, if it were possible, by making the aeria l 
directional towards the feeder whichever way the vehicle is travelling. If 
directional diversity were to be used in the 6 km system , then it is predicted that 
tran sm itte r powers would need to be between 1 and 25 mW to ensure that data e r ro r  
rates a re  better than 1 in 10,000 in the worst operating regions. Perform ance 
would be much improved elsewhere and also, if it were possible, with the use of a 
correctly  designed directional aeria l.
Three different system s layouts have been proposed for use with the diversity 
methods discussed in this chapter. It was concluded that for sm all to medium 
system s a Biline Type B layout would be m ost appropriate, whereas for la rg e r  
o r  complex system s a Uniline arrangem ent with diversity repeaters might prove 
m ore economical. If a higher perform ance is needed then either a Biline Type A 
system  o r  two Uniline layouts, one each side of the road, with d iversity  repea ters  
should be used.
It is unlikely, at present, that frequency diversity  operation would norm ally 
be employed, particularly  when transm itting high data ra te s , because of the 
difficulties in obtaining channel allocations in the already congested frequency 
spectrum . If the licensing authorities recongized the extrem ely low interference 
potential of feeder system s and allocated just two specific channels, sufficiently 
separated, then frequency diversity operation would be very attractive. With
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separate system s, different users  could operate on the same channels in close 
proximity to each other providing highly reliable data transm issions, by using 
frequency diversity, and yet also employing the spectrum  very efficiently in term s 
of the number of users  p er hertz. A lternatively, frequency diversity could be 
provided by using spread spectrum  techniques, which appear well suited to use 
in feeder system s. They give protection against interference from  other mobile 
o r fixed transm ission and yet require extrem ely low transm itter powers. However, 
with the wide bandwidths they use the characteristics of the feeder, rep eater and 
ca r  aeria l need examining carefully. The use of spread spectrum  methods in 
feeder system s has still to be investigated and is an interesting a rea  of study for 
the future.
R esearch into the application of diversity techniques to leaky feeder system s 
has been a neglected subject.. It is only briefly considered here and w arrants 
investigating in much g rea te r detail.
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6 GENERAL CONCLUSIONS AND RECOMMENDATIONS
6.1  General Conclusions
This thesis clearly  dem onstrates the feasibility of using leaky feeders to 
transm it data at 100 kbs \  from a mobile tran sm itte r to a rece iver at a fixed 
locality, with e r ro r  ra tes  better than 1 in 10,000. Use.of a directional aeria l o r 
diversity will greatly improve this perform ance.
F o r m ost practical applications,as a resu lt of economic, security  and 
perform ance considerations, it is appropriate to bury the feeder just below ground 
level. If this is not done severe problems may a r ise , with reflections occuring 
in non-coaxial modes at the ends of ra ised  sections of the line. However, it has 
been shown that use of non-leaky cable at these points can alleviate this trouble. 
Contrary to expectation burying the line does not cause significant changes in 
perform ance when ground and weather conditions alter. Passing vehicles, likewise, 
give little  interference generally.
40 MHz is thought to be a suitable operating frequency although it may prove 
necessary  to consider other allocations. 80 MHz was briefly considered but the 
perform ance was notably worse at this frequency. A channel at 40MHz, where 
attention has been centred, will normally experience fading with nulls being about 
half a free space wavelength apart; this gives r ise  to the '"short standing wave"- 
pattern typically found when using leaky feeders. With vehicle separations of 7 m 
o r g rea te r from the line the fading normally follows Rayleigh sta tis tics.
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The position of the aeria l on the vehicle has a significant effect on its 
directionality. With the aeria l horizontal at the re a r  of a ca r the radiated 
power is highly directional, whereas with it vertically roof-m ounted it is 
omnidirectional. In both cases it is the vertical component of the electric  field 
which is dominantly coupled to the buried feeder. It is also the vertical m etallic 
structures close to the line which cause the predominant fluctuations in the 
received signal. Typical values fo r the coupling loss between aeria l and line 
are  76 dB and 90 dB at 3 m and 7 m separations, respectively. With a directional 
aeria l these values are  slightly improved when the radiated power is angled along 
the feeder towards the receiver end of the line, but when it is aimed in the opposite 
direction the coupling loss increases. Very steady signals can be received from  a 
directional aeria l when it is close to the line.
F o r  a 6 km system , of the type considered for Peugeot, under the m ost 
adverse conditions the mean e r ro r  ra te  is predicted to be 3 in 10,000, although 
a directional aeria l could improve this perform ance. Data coding that copes with 
the typical bursts of e r ro rs  that occur here (lengths less than 1000 e r ro rs  and 
burst separations g rea te r than 10kbits) will significantly improve this further.
If diversity is used in the system  then the perform ance will be enormously enhanced. 
It is estim ated that for frequency o r directional diversity a 17 dB reduction in 
tran sm itte r power is possible, to around 5mW, and still maintain the e r ro r  ra te  
of 1 in 10,000 at the worst points in the system . It is likely that this could be 
reduced to lm W  for directional diversity operation. A lternatively, with 250mW 
tran sm itte r power is should be possible, in both cases, to achieve mean e r ro r  ra tes  
of 1 in 1000,000 at the worst locations. Frequency diversity is usually considered 
prohibitive due to the ex tra bandwidth required. However, leaky feeder system s 
are  less susceptible to interference from  other co-channel tran sm itte rs , so it is 
possible to allocate different users the same channel in much c loser proxim ity than 
is normally allowed. Therefore, if the authorities perm it, it may be possible to 
use the same channels exclusively for all feeder layouts. In this case, fo r simple 
duplex system s the use of frequency diversity would possibly only requ ire  four 
channels to cover the whole country, thereby making its use an attractive 
proposition. If data ra tes of 4. 8 o r 1. 2 kbs * were used in a 6 km system  then even
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without using diversity the worst perform ance should give e r ro r  ra tes  of only 1 in 
100,000 o r 5 in 1000,000 respectively. Compared with the quality of usual mobile 
radio data transm issions this highlights the enormous benefit in using leaky feeders..
The author is confident that a system  can now be designed and installed which 
will at least m eet Peugeot’s requirem ents mentioned ea rlie r. It is expected that 
an even m ore demanding specification than this could be achieved but fu rther 
studies are  necessary  before such statem ents can be made with certainty.
6.2 Recommendations for Future Work
This work has of necessity covered a broad range of topics, with the prim e 
objective being to prove that high speed, low e r ro r  ra te , data communication via 
leaky feeders is feasible. This wide coverage, coupled with the difficulties in 
experimenting out in the field, has made it necessary  to omit o r only briefly 
examine areas of research  which, although prom ising, a re  of secondary im portance. 
Therefore, in concluding this work it is useful to mention the m ore in teresting of 
these neglected aspects, especially those which do not seem to be receiving attention 
elsewhere. .
Looking firs t at the ca r ae ria l, different types heed examining carefully to
determ ine which are  best suited to coupling signal to the feeder. This is in te rm s
of finding an aeria l construction which m inim ises both.the coupling lo ss , over the
range of car-line  separations used, and signal fluctuations as the vehicle moves
alongside the feeder. To this aim , fu rther development of the simplified coupling
model, discussed in Chapter Three, may be useful and could possibly help in
optimising the construction of the feeder. This la tte r  information may be provided
27,28in the future by Beal, who is already studying the behaviour of different types 
of feeder under various environmental conditions. It would be sensible to examine 
the coupling behaviour over a wide range of frequencies, and certainly at 900MHz 
with the current in terest and future trend towards mobile radio use in this band.
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The use of different types of diversity within feeder system s is another a rea  
of research  requiring attention. Two form s are  briefly considered here and both 
deserve further investigation. T heir perform ance has only been m easured for 
vehicle travel close to the feeder and therefore this needs checking at g rea ter 
separations. Also, actual m easurem ents of data e r ro r  ra tes in these cases should 
be made to verify the predictions of perform ance given here. Other diversity 
methods, such as spatial (using extra feeders and aerials) need considering and 
certainly the use of spread spectrum  techniques in feeder system s w arrants 
examining carefully, but probably for use at higher frequencies than were considered 
in this work.
Coding of the transm itted  data for e r ro r  control has only briefly been discussed 
and is obviously an a rea  which should be studied in some detail to highlight coding 
form ats whichoptim ise perform ance for non-diversity and diversity operation.
Different data ra tes need to be considered to account for all possible u se r  requirem ents 
and therefore the perform ance needs checking at the lower speeds. A lso, e r ro r  
ra tes when transm itting pseudo-random sequencies of data should be m easured to 
verify that they do not degrade the perform ance given here. The effect of high 
vehicle speeds oh data transm issions has still to be examined to ensure that the 
increased random FM does not seriously reduce the transm ission  quality.
The other main area  of further study concerns the environment in which the 
feeder is placed. Points which need examining here a re  the effects of changes in 
weather, depth of burial of feeder and the type of soil in which it is buried; but as 
already mentioned Beal is currently working in this region. As the existence of a 
crash  b a rr ie r  above the feeder is a likely configuration, its influence should be 
investigated. Also the effect of adding repeaters to a system  has still to be studied 
in detail to ensure that, as the vehicle passes each one, the ir presence does not 
cause deep signal fades which would degrade perform ance.
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Although data communication via leaky feeders is only considered here with 
respect to vehicular use there a re  other applications to be found. Its use is 
particularly  relevant to data transm issions in mines and tunnels where feeders 
a re  already used extensively for speech communications. However, there  are 
other possible uses such as in factories for mobile control of a production line, 
o r  in offices for ease of connection of cordless telephones, computer term inals etc. 
These specific areas are  in urgent need of research .
The groundwork has now been laid on which practical high speed, low e r ro r  
ra te , data communication system s can now be planned and engineered with confidence. 
However, the subject offers wide scope for further study.
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APPENDIX A : LEAKY FEEDER DETAILS
M anufacturer’s designation (BICC) T3522 T3516 T3515
C haracteristic impedance (ohm) 75 75 75
Coaxial mode attenuation at 30 MHz (dB/km) 21 17 21
Velocity ratio 0. 87 0.87 0. 87
Surface tran sfer impedance at 30 MHz (ohm/m) 2.1 0.5 0.5
D. C. resistance -  Outer (ohm/km) 4.9 3.1 5.9
-  Inner (ohm/km) 4.1 4 .1 4.1
Diam eter of outer conductor (mm) 10.5 10.5 10.4
Overall di am eter of sheath (mm) 13.1 13.1 16.7
Construction A A B
A -  PE sheathed, apertured copper type coaxial cable
B -  PE sheathed, copper braided coaxial cable with PVC 
oversheath
Note: T3515 was used in tunnel m easurem ents
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APPENDIX B : OPTIMUM REPEATER SEPARATION
R epeaters:- G ain-G , Noise Figure -  F g
System length:- 1 
R epeater separation:- 2x
Leaky Feeder coaxial mode attenuation coefficient:- <x 
Coaxial mode attenuation between rep ea te rs :-  L 
No. of rep ea te rs :-  n
Receiver Noise Figure -  F
(1) n = 1 —x 
2x
(2)
Tailback System
1
if- x  - f U 2x ♦ 2x
REPEATERS
W orst case system  noise figure when signal is coupled to point p , giving a total 
noise figure F^, w here:-
Let G = L
1
Then (3) becomes F,^ = L2 n(F2 -1) +n(l -  - )  +F1
substituting (1) and (2) in (4) gives
(4)
F _  -  10 T F 2 '  10
-/2ocx\
L i o J
) ( & ■ )
(5)
Using typical values of 1 = 3 km, F = 2 .5 , F = 5. 0 and c* between 20-25 dB km
JL ^
the family of curves shown below a re  plotted for 10 log F against x.
This shows that a minimum noise figure of about 20 dB is obtained with rep ea te r 
separations of around 300 m.
-1
10 Log Fr
23 -r
22 -
21 _
20  -
19
oc= 25 dB km
oc= 23 dB km
-1
-1
o(= 20 dB km -1
200 400
x
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Uniline System
1
ft- x -*K------ 2x ------ m REPEATERS U----
■ : : /  V
< > 2----------------------------------  j e >
2x
LEAKY
FEEDER
Rx
W orst case system  noise figure when signal is coupled to point q, giving a total 
noise figure F ^  o f:-
F _  = L + <F9 -  1)L + (L -  1)L_ + 
1 1 G
+ (F„ -  1) L f"1 + (L -  1) L_n_1 + (F -  1)
Gn "2 G11”1 G11"1
(6)
Let G = L and F = F = F
JL &
Then (6) becomes F^, = n(FL -  1) + 1
substituting (1) and (2) in (7) gives F = 1 -  x
2x
/2ocx\
F l O ^ V - l + 1
-1
(7)
(8)
using typical values of 1 = 3 km, F = 2 .5  and oc between 20-25 dB km the family 
of curves shown below are plotted fo r 10 log F,^ against x.
This shows ;that a minimum noise figure of about 19 dB is obtained with repeater 
separations of around 200 m.
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oc= 25 dB km
c* = 23 dB km22 H
c<- 20 dB km
10 Log F t
0 200 400
x
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APPENDIX C : THEORETICAL RECEIVER PERFORMANCE
Symbols
Pe = Total probability of data e r ro r
PGg = " " " M " due only to gaussion noise
P6g = M " tt it . tt onjy Spike noise
N+ = Number of aiding threshold impulses
N_ = ” ,T opposing ” "
A f , AOJ = Frequency deviation in hertz and ra d ia n s  respectively
r  = Radius of gyration of noise power spectrum
p  -  C a rrie r  signal to noise ratio
em(t) = D iscrim inator output signal
em0 (ts) = Output signal from filte r D at sampling instant tg
I(s) = Impulse response of f ilte r D in the s plane
*ir0 (tT) = ” * ” fT filte r D in the time domain
t f = Time m easured from  centre of output pulse from  filte r D due
to input spike
t = Sampling instant at output of filte r Ds
S^  = F .s .k .  modulation amplitude
f m,6?m  = F . s. k. modulation frequency in hertz and radians respectively
= F .s .k .  modulation deviation in hertz and rad ian s  respectively
T = Data period
X = Time interval when spike output from  filte r D is g rea te r  than e m o(ts)
Ng0(t) = Gaussian noise power output from  filte r D
Gy(CJ) = Noise power spectral density as a function of W
y\  ^ = One-sided noise power spectral density independent of OJ
B = Bandwidth of I. F . f ilte r CIF
A = Amplitude of received c a r r ie r
H (CJ ) = Frequency response of filte r D to impulsive input
H^( CJ ) = ,T ” it tr tr it a derivitive of an impulsive input
f c , CJc = Cut-off frequency for f ilte r D in hertz o r radians respectively
• N. = Total noise power ;
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Block Diagram
The important elements in the tran sm itte r and receiver a re  shown in the 
block diagram below.
TRANSMITTER RECEIVER
FSK
MODULATOR B
FM
C LIMITER DISCRIMINATOR D
DATA 
I /P  ~
DATA
O /P
The data is taken to be a 1010 sequence.
It is assumed that data e rro rs  due to gaussian and spike noise can be treated  
separately, such that
Pe -  P6g + Peg (1)
Spike Noise E rro rs
From  equations 8, 9, 10 in reference 47 and equation 71 in reference 45 the 
number of aiding and opposing spikes per second from  the discrim inator a re :-
N+ =
Af
N
■p .e e r f  c Af
P
= N+ + e m(t) 
2 7T
- P
(2)
(3)
(Transient effects are  ignored and it is assumed that the noise power density is 
sym m etrical about the centre frequency.)
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ForyO 1 equation (2) effectively reduces to :-
N, = OT
e (t) - P  
. . equation (3) becomes N_ = m e
2 n
(4)
Now supposing filte r D has impulse response
1 (s) = 2 7T
1 + RCS
where RC is the tim e constant of this low pass f ilte r
I T ( t ) = 27T
° RC
e RC
(5)
(6)
where t is m easured from the centre of the output pulse
Due to effects of filte rs  B and C the input f. s .k . signal to discrim inator 
is taken to be
= . 4 £  to Sin C o t
7T
(7)
The maximum output from filte r  D, which occurs at the sampling instant, is:-
—  - j  _ i
V  1  4W 1 + e W  2  — w
E rro rs  will occur when (t)| ^  SQmax
. *. equating (6) and (8) to determine interval (x) over which this occurs and
substituting X. in (6), as if is m easured from centre of output pulse.
2
A  r- ~i i
Then 2 7T -  2RC
R C 7T
2 2 2 1 + R C  W
Now RC = 4 .4 yUS , 00 -  100 7T x 103, A C ^= 8 6 7 T x l0 3
X  = VIj a S.
(9)
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With 1010 data sequence at 100 kbs * this means that for each opposing spike
that occurs one data e r ro r  will result.
T -
Hence from  (4) Pe = e''0  dt
o U 2  7T
T
sub from  (7) gives PGg = P  2_ &Cj(sin ^ mt ^
oJ  7T2
dt
‘
4 £  D  e ^
n  CJ-
(10)
(11)
(12)
(13)
Gaussian Noise E rro rs
From  equation 7(e) in reference 47 Gaussian Noise at output from  filte r  Di­
ck?
N (t) = l_
S°  27T
G y ( W)  | H i  (CO) | dto (14)
where Gy (CJ) = ^ and -  B B.
Hx (to) = J  CJ H (CJ) 
2
.*. for Low pass f ilte r  D J (to)J
Now Noise power N. = 7^ B ^
CJ 
1 +
N. assumed to be Zero outside B.
(15)
(16)
(17)
IF
Also
/ ° 2 N.
(18)
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TT BIF.
(14) becomes Ng (t) = 1
°  2 7T 2yOBIF
-7TB.IF
BIF
00
-B.IF
f2
I f ”  t *
CO
1 + CO.
df
dw
(19)
(20)
Since NgQ (t) is sym m etrical about zero , . \  (20) becomes
1 H'
:2IF
% 0 (t) = U c 
/*  b i f r + fc
df (21).
=  (O
P  b i f
B.
f -  fn tan 1 ( J- Aft) IF.2 (22)
CJ,
Z) B _  / IF
BIF f c tan"1 /  BIF 
\ 2 fo )
 (23)
Now fc = 36 kHz and B _  = 200 kHzIF
Ng (t) = 1.4 x 1010 (24)
From  equation 13 in reference 47
Pe = 1 e r f  c
g T
From  (7), (24) and (25) 
Peg
emo ( ^
2 N,go <t.B) ]
1 e r f c
2
4 A CO p  
7T x 169 x 1 0 » r
i
Peg = 1 e r f  c (1. 2 d 2)
2 '
(25).
(26)
(27)
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Hence from (1), (13) and (27) overall receiver e r ro r  ra te  becomes
APPENDIX D : EQUIPMENT DETAILS
Equipment Layout
E rro r  Sots
Amp.Detector Shaper .R ec e iv e r
Digital Interface 
Casaette Unit 
Recorder ____ •
Burled
Leaky
Feeder
.Signal Level 
Detector
Analogue Recorder ___
Equipment at end 
of line
H >
Amp.FSK
Generator Modulator
Data
Figure D1
Data Generator
(a) 1010 sequence -  Marconi wide range O scillator type TF2103, se t to
50 kHz non-retu rn-to -zero  squarewave output.
(b) Pseudo Random sequence -  G enerator designed as shown in F igure D2. It
provides a 127 bit sequence at a data ra te  of 
100 kbs"1.
V CLOCK V
PAH. I /P
SET
PAR/SER
CONTROL
CD 4014 SHIFT REGISTER
RUN PA R O /P
CD 4030
741S
TO F .S .K . MODULATOR
REFERENCE FOR ERROR DETECTOR
Figure D2
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The complete circuit diagram of the P .R .S . generator and associated e r ro r  
detector is given in Figure D3.
100K
S tart! V—
TTnl fTr
x CD 4014
j o t *
Bun j741SCD 4047
220p: 100K
100K
- o -
OUTPUT DATA 
RECEIVED DATA 
ERRORS
j  CD 4030jCD 4013
i f  ^
CD 4047
TUZ,,. 58c^
CD 4047
120p
L v
Figure D3
F .S .K . Modulator _
Marconi AM/FM Signal G enerator type TF2015, operated in FM mode 
with external input modulation. Deviation set to 50 kHZ (output deviation -  43 kHz ). 
C a rr ie r  Frequency = 40. 8 MHz.
T ransm itter Am plifier
(a) 40 MHz Type -  Designed and constructed*by R. W. Haining (University of Surrey) 
to match to lm  whip aeria l and to give 2501 50 mW output with -1 dBm input. ’ 
(Checked using Hewlett Packard Transm ission-Reflection Test se t.)
(b) 80 MHz Type -  ENI model 500AP, R .F . Power A m plifier, 1.5 to 520 MHz. 
Output power to lm  whip aeria l is 250±50 mW with -ldB m  input at 80 MHz. 
(Checked using Hewlett Packard Transm ission-Reflection Test se t.)
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Repeaters
Designed and constructed by R.W . Haining (University of Surrey) with 
the following gain and noise figures.
Tailback rep ea te r:-  Gain = 16 dB N .F . = 7 dB
Uniline rep ea te r:-  Gain = 10 dB N. F . = 4 dB
Receiver Am plifier
Labgear Type CM/7009WR
Gain (at 40 MHz) = 20 dB N .F . = 8 dB
Signal Level Detectorfs Amplifier
Labgear Type CM6030
Gain (at 40 MHz) = 21 dB N. F. = 6 dB
Signal Level Detector
Hewlett Packard Spectrum A nalyser type 8552/3B set to ’’receiver"  
mode (i.e . zero scan width) with I .F .  bandwidth set to 300 kHz and tuned to 
tran sm itte r c a r r ie r  frequency of 4'0. 8 MHz.
Receiver
Eddystone Receiver model 1990R/2 operating in FM mode with input 
R .F . bandwidth of 200 kHz and noise figure of 5 dB (N .F. including receiver 
am plifier = 7. 7 dB).
Demodulation is by standard lim iter-d iscrim inator I. C. type R. C. A. 3089E, 
but the discrim inator’s output filtering was modified by changing the R. C. component 
values to R = 2. 7 k si  and C = In F . This together with the d iscrim inator’s output 
impedance gave a low pass .bandwidth of 36 kHz. This is a bandwidth-bit period 
product of 0. 36.
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Data Shaper
Block diagram and layout as shown in F igure D4 and D5 respectively.
Bandwidth -  lower cut off frequency (3 dB point) <  1 Hz
-  upper cut off frequency (3 dB point) = 80 kHz
Operational am plifiers type 741S were used.
Oul 100K■4h= i
1M
100K
10K
Output
xo5k 10K
I00K lOtO 100K100K 101d  100K
510K
Figure D4
Input >-
Figure D5
Opl 100K
JlLLLa
TTT
•Output'
j741S
m i
100K 10K100K
L® #-
1
1M I
10K'
-C3
I n i
i n— i0^1 imk
741S
510K 
100K10K100K■liy—
OK0/ 11
•(H1—»-C3— [!' O^ul 100K
E r ro r  Detector
The design of the e r ro r  detector for "1010" data transm issions is shown 
in block diagram form in Figure D6. A phase-locked-loop regenerates the 
reference square wave (R) and recovers the tim ing clock (C) from the incoming 
data. A simple monostable and gating circuit is used (M) to ensure that the 
co rrec t phase relationship is maintained between the clock and reference waveforms. 
The incoming data is checked at the centre of each bit period against the reference 
sequence by comparing every reference "1” (Y) with that received and likew ise, 
but separately, every reference "O" (X) with that received. The resu lt of these 
comparisons for data l !s and Ofs are  appropiately combined (E) to give a logic
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high output pulse whenever an e r ro r  occurs. This e r ro r  pulse also increm ents 
a counter which provides a record  of the total number of e r ro rs .
The R and C components added to the phase-lock-loop (PLL) were 
chosen in accordance with the design c r ite ria  given in the CD4046A application 
note. This provided the PLL with a square wave input lock range of 47 to 53 kHz 
and a capture range of 48 to 52 kHz.
The Timing and Layout diagram s for the e r ro r  detector a re  shown in 
F igure D7 and D8 respectively.
When using Pseudo Random Sequence data transm issions a sim pler e r ro r  
detector was designed, as shown in Figure D9, which uses reference and tim ing 
signals obtained directly from  the FRS generator but delayed as necessary . This 
e r ro r  detectors circuit layout is incorporated in Figure D3.
INPUT DATA
180K
PHASE LOCK LOOP.
CD 4046A
CLOCK
INDIVIDUAL
ERRORS
R
E  _ £ > C COUNTE TOTALERRORS
S B C
F / r p — Ih  F /F  = D TYPE FLIP FLOP (CD 4013)
Figure D6
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JTJTJTJTJTJTJinJTJTJT_vco o ^ t . v 
J i r L r L T L T L T L  Reference. -  R 
J T J T J n J T r L T I c M :  -c
— fi— n _ n _ n _ n — &*=*«*■ -
1 [ I 1 I I i—Datr Irpot »S
j i _ r L _ n  r - •
J  L T L T L T  - - -t
U  Error tn "0 "-L  
I I Error h
 n____n  E r ro r  -  E
Figure D7
Ma koDATA DC
120 ka. SINGLE
OUTPUT
100J
v-i
v-|
12 STAGE BINARY 
COUNTER OUTPUTS
Figure D8
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RECEIVED DATA
—I
CL
REFERENCE D 
DATA
CL CL
ZfiS
F /F
MONO
F /F
F /F
MONO
F /F  = D TYPE FLIP-FLOP ( CD 4013)
Figure D9
Analogue Recorder
Medelec R ecorder:- Model No. -  FOR 4 .2 .
Digital Cassette Recorder and Interface Unit
P . C.D. Ltd. Digital Cassette R ecorder:- Model No. -DCH72 
supplied with interface option cards R0 4 and P 0  4.
An Interface Unit was attached between the Cassette R ecorder and the 
incoming digital and analogue lines (Data E rro rs  and Signal Level respectively) 
to form at, com press and multiplex the information over both these channels 
before it is recorded. This unit also provides the reco rd e r’s control signals 
and other service functions. F u rther details of the Interface Unit a re  given in 
Appendix E.
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APPENDIX E : INTERFACE UNIT
Both data e r ro rs  and signal strength variations were recorded on 
certified digital cassettes. This necessitated having an interface unit between 
the input to the cassette  reco rder and the output of both the e r ro r  and signal 
level detectors. The functions, specification and design of this Interface Unit 
a re  as follows.
Functions
(a) To provide an analogue to digital conversion (AD C) fo r the signal level 
input line -  "Signal".
(b) To count over each contiguous sampling interval the number of data e r ro rs  
that occur (making sure that e rro rs  occurring at the sampling instant are  
counted) -  ’Counter ".
(c) To m easure the time between the s ta r t of each sampling interval and the 
f irs t e r ro r  to occur in that period -  "T im er".
(d) To provide switchable m arkers which give reference information on 
recordings -  "M arker ".
(e) To periodically sample the "Signal", "Counter", "T im er" and "M arker" 
outputs together instantaneously, and to form at this information before 
presenting it sequentially in blocks to the cassette  reco rder.
(f) To provide the control signals required by the reco rder and a visible 
indication of its failure to write on the cassettes.
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Specification
Power supply -  12V, 1 .5A
Internal logic -  5V TTL
Input analogue channel (from Signal Level Detector)
source:- H .P . Spectrum Analyser type 8552/3B
range:- -1 .0  t o +0.1 V
bandwidth:- >  500 Hz
max. slew ra te :-  1500 V s“*
Input digital channel (from E rro r  Detector) 
source:- 12V CMOS logic
max. pulse ra te :-  170 kbs”*
No. of b its :-  Binary E rro r  Counter (C) -  11 
Binary T im er (T) -  11
Signal Level ADC (A) -  6
M arker (M) -  4
TOTAL = 3 2  
A.D. C. clock rate -  683 kHz (1 .5^*S)
T im er clock rate -  171 kHz (6 u^ S)
Sampling ra te  for analogue channel, Counter,Tim er, and M arker -  83 Hz (12 mS) 
Samples recorded in 4 blocks of 8  bits 
Block recording rate -  333 Hz (3 mS)
Block form at:- 1st - ' M q Cg Cg C4  Cg C2  C4  Cq
2 nd -  M^ T2  T4  Tq C1 0 C9  Cg Crj
3rd -  M2  T 9  T g T 7  T6  T 5  T4  Ts 
4th — ^ ^ 3  A5  A4  Ag A2  A4  Aq
Control lines with cassette reco rd er use 5V TTL logic 
Design
The design of the Interface Unit, in block diagram form , is shown in 
Figure E l and the associated timing charts displayed in Figures E3, E4 and E5.
The layout of the A .D .C . process is given in F igure E2 and the corresponding 
timing chart in Figure E6 .
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APPENDIX F : MICROPROCESSOR
Intel 8080 m icroprocessor was used to analyse data stored on magnetic 
certified data cassettes. The interconnections between the m icroprocessor and 
cassette  reco rder (PCD -  DCH 72) are  shown below, together with the 
program m e written to perform  the analysis and the memory map of the stored 
resu lts .
Interconnection between m icroprocessor and recorder
MICROPROCESSOR CASSETTE RECORDER
Data Lines
Control Lines
8255A
PC
PC
PCD DCH 72
Ready Out '
Busy In
-  DOB 1-8
INTEL 8080
IBF
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Memory Map
MEMOEY ADDBESS
ovfw3 spare
4940 l?4F
4AB0
4AC0 .CF
E rro r
Bate
4C30
4C40
E rro r
Bate
4DB0
E rro r
Bate
4F30
4F40 4F4F
4FB0 4F3F
4FC0
4FD0 4FDF
Time Between E rro rs
>-ovot
SIGNAL LEVEL D1STBIBUTION
SLOPE 2
Signal Level
SLOPE 1
Signal Level
SLOPE 3
Signal Level
SLOPE 0
Signal Level _ l4_+15 . _  3Q +31 _
ovfw 1 -  Slope too large
unfw 1  -  Signal too sm all
ovfw 2  -  Signal too large
ovfw. 3 -  E rro rs  too high
Signal Level -  Digitised in units 1.7 dB
Slope 0, 1, 2 , 3 -  Slope in signal level (digitised) over two sample periods of
0 o r 1, 2 o r 3, 4 o r 5, 6  o r  7 respectively.
E rro r  Rates -  Divide into equal logarithm ic groups with geom etric means of 
1, 2, 3, 6 , 10, 18, 32, 56, 100, 178, 316, 562 e r ro rs  p e r 
12 mS sample period.
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M icroprocessor Program
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